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Abstract 
Oil and gas industry generate large quantities of oily wastewater effluents. This wastewater has a 
major impact on the environment and human health. Hence, a suitable separation method is applied 
to treat oily wastewater to not only meet the environmental regulations but also to promote water 
recycling and desalination. Many studies were performed in the literature to investigate the best 
technologies for treating oily saline water such as the traditional technique of gravity sedimentation 
and dewatering. Among all, membrane separation processes have been receiving extra attention in 
the past decades. This is due to their high separation efficiency, low energy requirements and easy 
operation.  
Additional research activities were also directed to utilize membranes in pre-treatment separation 
processes of oily water ahead of the desalination units. This paper presents a comprehensive review 
for the recent treatment processes available in the literature for oily wastewater with the 
concentration on the use of various membranes to accomplish this target. The paper also reviews 
the recent findings in membranes’ development and emerging modification techniques such as 
interfacial polymerization, nanoparticles incorporation, and surface grafting. A special emphasis 
was given for ceramic membranes, their operation and their preparation techniques. Moreover, the 
paper compares and discusses the effect of different operating conditions such as trans-membrane 
pressure and cross flow velocity on membrane separation performance in oily water.  
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1. Introduction 
Oil water separation has been receiving a great interest recently. The main reasons are the increase 
of the environmental and health consciousness as well as the increased demand for clean water. 
Oily wastewater is a common product of various chemical industries such as oil and gas, food and 
steel industries. This wastewater also results from oil spills to open water bodies during crude oil 
exploration, and crude and petroleum products transportation [1]. The scarcity of fresh water is 
becoming a severe problem worldwide primarily due to the rapid increase of industrial activities 
and steadily population growth [2,3]. The severity is well noticed in certain developing countries 
[4,5]. Thus, desalination of saline seawater is one of the key solutions available to secure 
freshwater supplies [6]. 
There are several techniques that are typically used for oily wastewater separation. Examples are 
gravity or centrifugal, electrostatic precipitation, cyclones, floatation, demulsification, heat 
treatment, adsorption and membrane separation technologies [7–9]. Padaki et al. provided a 
through comparison between several physical and chemical techniques that are mostly used for the 
separation of oily wastewater [10]. Membrane separation technologies, in particular, are efficient 
and more effective in removing oil droplets from oil water emulsions when compared to 
conventional methods [11–16]. Although, membrane separation methods possess several 
advantages such as high selectivity, low energy requirement, simple operation, reliability, low 
maintenance cost and small space [17–19], however, the major drawback of membrane separation 
methods is the fouling of the membranes. Hence, the objective of this article is to provide a 
comprehensive review of the recent advances in membrane separation techniques for saline oil 
water emulsions with a focus on the use of ceramic membranes. 
2. Constituents of oily wastewater 
The pollutants in oily wastewater are classified into two categories, organic and inorganic. The 
organic pollutants are mainly petroleum hydrocarbons (PHCs) and can be further classified into 
four major categories. These categories are aliphatic, aromatic, asphaltenes and the compounds 
that contain oxygen, nitrogen and sulfur [10,20]. These compounds are often accompanied with 
some nickel, cadmium, lead and vanadium organometallic complexes [21].  The organic pollutants 
can also be polar or non-polar with several functional group alternatives such as alcohol, carboxyl, 
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phenol and amine groups [22]. These pollutants typically either disperse, emulsify or dissolve 
within the oily wastewater.   
In general, aliphatic and aromatic compounds count for up to 75% of petroleum hydrocarbons in 
oily wastewater [23,24]. Moreover, the oily wastewater may contain some processing residuals 
such as defoamers, demulsifiers, inhibitors, glycols and sulfur scavengers [25]. Table 1 shows an 
example of actual oily wastewater composition [26]. Releasing massive quantities of oily 
wastewater to water bodies causes further consumption of oxygen by the microorganisms [27]. 
This eventually leads to hypoxia (< 2 mg O2/L) or even anoxia [28]. Oxygen is essential for 
eliminating colors, tastes, and odors through the chemical and biological reactions in aerobic 
wastewater treatment units [29].  
Table 1: Example of actual oily wastewater composition [26]. 
Compounds Conc. (mg/L) Compounds Conc. (mg/L) Compounds Conc. (mg/L) 
COD 270 - 230 Chlorine 8475 - 9219 Stronyium 68 - 72 
TOC 45 - 71 Sodium  5462 - 5836 Sulfte radical  61 - 68 
TDS 14890 - 16237 Potassium 10 -12.0 Total Phosphorus 1.7 - 1.8 
pH 7.3 -7.4 Calcium 356 - 372 Total Nitrogen 23 -26 
Oil 96 - 112 Magnesium 114 - 118 Suspended solids 98 - 116  
 
3.  Processes for oil-water separation  
There are several processes that are typically used in oily wastewater separation. In the following 
section the main practices will be discussed.   
3.1 Gas flotation  
In this process, the gas bubbles adhere to the surface of suspended oil droplets in oil/water mixture 
to form fine agglomerates. These fine agglomerates float to the surface due to the difference in 
density and can be eventually collected from the upper surface [30]. The success of this method 
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depends mainly on the contact and the attachment between gas bubbles and oil droplets and the 
floatability of bubble-oil aggregates. Floatability of the aggregates depends on the difference in 
density between water and the bubble-oil aggregates [31]. The higher the density difference, the 
more successful the separation is. The flotation process is proposed for the removal of oil from 
oil/water mixtures and it consists of four fundamental steps [32]. Firstly, the generation of gas 
bubbles. Secondly, making a contact between these floated gas bubbles and the suspended oil 
droplets in the oil/water mixture. Thirdly, the gas bubbles and oil droplets are attached together to 
form aggregates, and finally, these aggregates float to the surface where they are skimmed off. 
Figure 1 shows a conventional dissolved gas flotation system [31]. 
 
Figure 1: Conventional dissolved gas flotation system [31]. 
Several gases could be used in floatation, however, due to the availability and cost, air is the most 
commonly used gas [33,34]. Nevertheless, in certain applications where the presence of oxygen is 
unfavorable, other gases could be used such as methane, carbon dioxide and nitrogen [35]. The 
most popular floatation techniques are the dissolved gas floatation and the induced gas floatation 
[36]. They both have a very high efficiency in removing oil from oil/water mixtures and they are 
commonly used to separate oil when the oil concentrations are lower than 1000 mg/L [31].  
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3.2 Electrostatic precipitation 
Frederick Gardner Cottrell invented the first electrostatic precipitator in 1907 [37]. The objective 
was to collect the dust of the blast furnace gas, the oxides from the fumes of lead and copper 
smelters and sulfuric acid mist from sulfuric acid production plants. Thereafter, the electro 
coalescence technique was further developed. This technique involved the application of an 
electrical field for the separation of liquid phases such as oil/water emulsions [38]. The electric 
field is used to enhance coalescence rate by bringing the small droplets closer and enhance their 
agglomeration to form larger droplets [39]. Hence, the generated large droplets settle down easily 
through gravity force. The presence of the electric field improves the phase separation by 
increasing the droplets speed toward the electrodes [40]. This technique can be used to separate 
oil from saline water or water from crude oil. Both direct current (DC) and alternating current (AC) 
electric fields can be used. The strength and the frequency of the electrical field depend on the 
extent of the aqueous phase [41,42]. The high electrical fields are often utilized to separate water 
from crude oil emulsions [43]. A schematic of electrocoalescer is shown in Figure 2. 
The coalescence process takes place in three major steps [44–46]. Firstly, oil droplets, if the water 
is the continuous phase, brought together while separated by a water film. Secondly, the water film 
will get thinner until it reaches a critical thickness. Any disruption at that critical thickness breaks 
the water film. This step is the controlling step, and the electrical field is used to fasten the film 
thinning process. Finally, coalescence occurs.  
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Figure 2: Schematic of electrocoalescer [39]. 
 
3.3 Solvent extraction  
Solvent extraction technique has been extensively used to separate oil from oil/water emulsions. 
In this technique, oil is separated from water by adding specific organic solvent that is selectively 
miscible to the oily phase, while being immiscible to the aqueous phase [47]. Appropriate amount 
of the solvent is used to guarantee a complete miscibility of the oil. After the phase separation 
process, the immiscible water is settled down the extraction column. The oil is then separated from 
the solvent/oil mixture using a distillation unit [48]. Several solvents have been utilized such as, 
n-heptane, toluene, cyclohexane, propanol, butanol, methyl ethyl ketone, methylene dichloride, 
ethylene dichloride, diethyl ether, naphtha cut and kerosene cut [49–55]. 
There are several factors that determine the efficiency of the extraction process. These factors are 
the oil content, the type of solvent, solvent to oil ratio, mixing speed and duration, temperature and 
pressure [56]. The solvent extraction processes are easy to operate, utilize high diversity of 
solvents, they are distinguished by their high extraction efficiency and they operate at moderate 
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temperatures and pressures [57]. However, they have major drawbacks such as, the need of 
considerable volume of solvents, the substantial solvent losses and specially of the high volatile 
solvents, and the energy intensive distillation process that is used to separate oil from solvent 
[58,59]. These drawbacks restrain the large-scale applications of solvent extraction technique. 
Figure 3 shows a flow diagram of solvent extraction process.  
 
Figure 3: Flow diagram of solvent extraction process (1: reactor column; 2: distillation system; 3: 
solvent recycling tank; 4: compressor and cooling system) [53]. 
 
3.4 Centrifugation and Hydrocyclones 
In centrifugation, a high-speed rotating device is used to create a centrifugal force.  This centrifugal 
force is employed to separate constituents based on the differences in their densities. The 
centrifugal force required, and consequently the energy required are proportional to the density 
difference of the constituents involved [60]. The difference in density between oil and water is 
small, hence, for oil/water separation, the centrifugation process demand a strong centrifugal force 
and consequently a large amount of energy [61]. A possible approach to lower the energy 
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requirements is by reducing the feed mixture viscosity. This could be done by adding demulsifying 
agents [62,63], adding coagulant reagent [64], heat treatment [65], or steam injection [66].  
Liquid-liquid Hydrocyclones are used to separate mixtures utilizing the differences between the 
centrifugal and the drag forces [67]. They are highly efficient and attractive for oil/water 
separation. Hydrocyclone is simply vertical pipe that have one inlet and two outlets. The feed, 
oil/water mixture in this case, is pumped through a tangential inlet and the product is separated to 
two streams. The dense aqueous stream is forced toward the outer side of the cyclone and drained 
to the lower outlet and the light oil stream suspense at the cyclone center before it is drawn to the 
upper outlet by vortices [68,69].  
Hydrocyclones operate without moving parts, hence, it is easy to install and operate [70]. They 
require low operational and capital costs, and low operation time and space [71]. Therefore, they 
are capable of separating large volumes. However, hydrocyclones have several drawbacks such as 
the low separation efficiency at low flowrates and high viscosities, the breakage of the droplets at 
high velocities, and they require a high feed pressure in order to achieve a high centrifugal force 
[72,73]. Although, it is impossible to achieve a perfect separation of oil from water using the 
hydrocyclone technique, however, employing multi hydrocyclones in series would significantly 
enhance the separation efficiency [74].  
3.5 Surfactant enhanced oil recovery (EOR) 
Surfactants are simply amphiphilic compounds, i.e. they consist of hydrophobic and a hydrophilic 
tails. The latter promote the dissolution of surfactants in the aqueous phase and increase the 
solubility of some oil compounds, whereas the former allows the surfactants to accumulate at the 
interface [75,76].  This decreases the water surface tension between aqueous and oily phases; 
hence, increases oil compounds mobility [77,78]. Surfactants could be used to separate oil from 
oil/water mixture or to separate water from oily sludge. Separation processes using chemical 
surfactants are quite fast, economically feasible, able of treating huge volumes with separation 
efficiency of water from oil that can exceed 80% [79,80]. However, most of these surfactants are 
toxic and not biodegradable [81]. In contrast, biosurfactants are biodegradable with lower toxicity, 
more efficient with high emulsion activity, and they can be produced from various raw materials 
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[82–84]. In spite of that, the production cost for biosurfactants is still high which affects their 
economic feasibility and limits their commercialization [85].  
3.6 Freeze/thaw process 
Freeze/thaw process is used to separate oil/water emulsions into two phases.  It is highly effective 
especially in cold places where it is possible to utilize the free frostiness [86–88]. This method 
relies on the fact that the volume of water expands when converting from liquid phase to solid 
phase. The volume expansion promotes the coalescence of water droplets and reduces the 
interfacial tension between the aqueous phase and the oil phase. There are two main mechanisms 
for the Freeze/thaw separation process. In the first mechanism, the aqueous phase freezes before 
the oil phase, hence, the water droplets volume expands and then coalesce. This leads to the 
emulsion instability. Thereafter, the freezing started in the oil phase and due to the interfacial 
tension the oil coalescence, and consequently the oil/water emulsion separated into two layers by 
gravity [89,90]. In contrast, in the second mechanism, the freezing starts in the oil phase 
surroundings the water droplets, hence, the frozen oil encapsulates the water droplets. Afterwards, 
the freezing proceeds to the encapsulated water droplets, leading to volume expansion and 
consequently, a rupture of the solid oil surroundings the water droplets. As a result, the unfrozen 
water parts connect together as a broad network. This network thaws and create small water 
droplets that coalesce, thus, generate an unstable emulsion that can be separated into two isolated 
layers by gravity [86,91,92]. 
The performance of the freeze/thaw process depends mainly on the freezing temperature, the 
freezing time, freezing method, water content, water constituents and the pH [92–97]. This process 
can be used to treat different types of wastewater and competent even with very stable and viscous 
emulsions and with the presence of numerous solid particles [97,98]. It is worth to mention that 
this process is environmentally friendly with no pollution generation and the separated oil can be 
collected and reused [20, 86,99].   
Microwave irradiation [100,101], ultrasonic irradiation [102–104], sludge pyrolysis [105], 
electrokinetic methods [106], and membrane filtration, are other methods that could be also used 
to treat oily water. In the next section the membrane filtration will be discussed in more details. In 
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addition, remediation methods are utilized to degrade the oily compounds from oily wastewater. 
The most commonly used remediation methods are chemical oxidation and enhanced oxidation 
processes [107–109], bioremediation processes [110–112], solid-phase processes [113–116], Bio-
slurry processes [117], and incinerations [118–121]. Table 2 provides a comparison between 
various oily wastewater treatment techniques [10,53]. 
Table 2 Comparison of various techniques for oily wastewater treatment [10,53] 
Technique Status Efficiency Advantages Disadvantages 
Froth flotation  Lab scale  50-75% Easy to apply, not 
energy intensive 
Low efficiency, not suitable 
for oil sludge, unable to treat 
heavy metals 
Electrokinetic  Lab scale 50-75% Fast, efficient, no 
additional 
chemicals  
Not easy to apply, low 
treatment capacity 
Solvent 
extraction 
Field scale 50-90%  Easy to apply, 
fast, efficient 
High cost, massive organic 
solvent is needed unable to 
treat heavy metals 
Centrifugation Field scale  50-75% Easy to apply, 
fast, efficient, no 
additional 
chemicals 
High capital and maintenance 
costs, energy intensive, noisy, 
unable to treat heavy metals 
Surfactant 
EOR 
Field scale  75-90% Easy to apply, 
fast, efficient 
High cost, surfactants could 
be toxic, surfactants must be 
removed 
Freeze/thaw Lab scale 50-75% Easy to apply, 
fast, suitable for 
cold regions 
High cost, low efficiency, 
unable to treat heavy metals, 
energy intensive  
Microwave 
irradiation 
Field scale  90% Very fast, 
efficient, no 
additional 
chemicals 
High capital and operation 
costs, energy intensive, low 
capacity,  unable to treat 
heavy metals 
Pyrolysis Field scale 50-90%  Fast, efficient, 
large treatment 
capacity 
High capital and maintenance 
cost, energy intensive, not 
suitable for oily sludge with 
high moisture content 
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4. Membrane Treatment 
Membrane can be defined as a selective barrier between two phases that restricts the transport of 
various chemical species [122]. The feed to the membrane is separated into two streams: the 
retentate and the permeate. Either the retentate or permeate could be the product stream.  
Membranes are usually synthesized from any material that can form stable thin films. Hence, 
polymers, ceramics, glasses, metals and monolayer liquids can be used as membranes [123,124]. 
Membrane separation depends mainly on three mechanisms, molecular sieving, electrostatic 
interactions and adsorption effects [125,10]. Membranes have several classifications mainly 
according to their structure, the material used for their fabrication and pore size [126]. Based on 
their structure, membranes can be either dense homogenous asymmetric membranes or porous 
membranes [127]. Most of the dense membranes nowadays are porous with a dense top film [128–
130]. According to their material of fabrication, membranes can be organic, inorganic or hybrid 
[131]. Industrial organic membranes are manufactured mainly from polymers [132]. Inorganic 
membranes, on the other hand, can be either metallic, ceramic, zeolite or elemental carbon [133]. 
Inorganic membranes can bear high temperatures and pressures and they are very stable even under 
harsh environments [130,134]. Their permeability is significantly high compared to polymeric 
membranes with adequate selectivity [135]. However, their selectivity is greatly effected by the 
separation process variables such as temperature and pressure [136]. Due to the fact that inorganic 
membranes operate under harsh environmental conditions, they can endure the harsh washing 
processes used to remove fouling, hence, they are suitable for oil/water separations [137,138].  
According their pore size, membranes could be macroporous ( 50 nm), mesoporous (2 – 50 nm), 
microporous (< 2 nm) or dense membranes (< 0.5 nm) [136,139,140]. Although, liquids are not 
able to permeate through microporous and dense membranes. However, they can transfer through 
mesoporous and macroporous membranes by viscous flow mechanism [141–143]. Table 3 shows 
oily water treatments using membrane technology compared to other techniques [9].  
 
Table 3: Oily wastewater treatment using membrane technology and other techniques [9]. 
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Technique  Treatment results 
Flotation Oil removal is more than 90% 
Peeling ﬂotation Oil removal is 81.4% 
Dissolved air ﬂotation  COD removal rate is 92.5% 
Dissolved air ﬂotation Oil removal is more than 90% 
CAX Coagulation  Oil removal is more than 98% 
Aggregation zinc silicate and anionic polyacrylamide 
Coagulation 
Oil removal is 99% 
Poly-aluminum zinc silicate chloride Coagulation COD removal is 71.8% 
Membrane bioreactor COD removal is 97% 
Upﬂow anaerobic sludge blanket COD removal is 74% 
Biological aerated ﬁlter reactor COD removal is 97% 
Yarrowia lipolytica W29 immobilized by calcium alginate COD removal is 97% 
UF Oil content is below 1 mg/L 
MF (Carbon membrane with pore size of 1.0 m) Oil removal is 97% 
MF (NaA zeolite membrane with pore sizes of 1.2 m) Oil removal is 99% 
MF (α-Al2O3 membrane with 50 nm pore size) TOC removal is 92.4% 
Dynamic membrane Oil removal is 99% 
Nano-porous membrane COD removal is 76.9% 
Nano-porous membrane-powdered activated carbon  TOC removal is 71.5% 
 
4.1 Membrane treatment processes 
Membrane separation processes are primarily driven by concentration difference, temperature 
difference, electrical potential difference or pressure difference [144]. The pressure difference or 
pressure driven processes are classified according to the pore size of the utilized membrane to four 
processes. These four processes are microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), 
and reverse osmosis (RO) [145,146]. The main characteristics of pressure driven membranes are 
shown in Figure 4 [145,147] and Table 4. Taking pore size and the required pressure in 
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consideration, it is convenient to utilize the sieving effect of MF and NF membranes for oil/water 
separation [148]. According to their membrane pore size (2 – 50 nm), UF membranes are more 
efficient than MF membranes [149,150] and in spite the high permeate flux of MF, oil might 
squeeze through their relatively large pores with the permeate [151]. RO and NF membranes can 
be also used to separate oil from water especially for high salinity water [152]. Compared to the 
traditional separation processes, membrane processes are compact and able to achieve the desired 
separation without any chemical additives with lower energy requirements [149, 153,154]. 
However, their vital disadvantages are the low permeate flux, concentration polarization and 
fouling which lead to persistent decrease of the permeate flux [155–159]. Furthermore, polymeric 
membranes, in particular, possess a limited capability to separate volatile organic compounds 
(VOCs) from water [60] and are very sensitive to polar and chlorinated solutions [160].  
 
Figure 4: Membrane separation processes and its separation characteristic [145,147]. 
 
RO 15 – 150
NF 5 – 35          
UF 1 – 10 
MF 0.1 – 3  
Pressure 
(bar)
Pore size 
(nm)
0.3 – 0.6
< 2          
2 – 200 
50 – 4000  
Particles, 
bacteria, clay, 
fat 
Macro 
molecules, 
proteins, 
vira
Lactose, 
ions
Minerals, 
glucose, 
amino acids
Water
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Table 4: Comparison between the four pressure driven membrane processes [16,145,160]. 
  
MF UF NF RO 
Membrane  
Symmetric Asymmetric Asymmetric Asymmetric 
Thickness (mm) 
10 - 150 150 - 250 150 150 
Thin film 
Thickness (nm) 
- 1000 1000 1000 
Pore size (nm) 
50 - 4000 2 -200 < 2 0.3 - 0.6 
Applied 
pressure (bar) 
0.1 - 3 1- 10.0 5 - 35 15 - 150 
Flow 
Mechanism 
Convective pore 
flow (Darcy's 
law) 
Convective pore 
flow (Darcy's 
law) 
between pore 
flow and  
diffusion  
Solution 
diffusion 
(Fick's law) 
Permeability 
(L/h.m2.bar) 
> 1000 10 - 1000 15 - 30 0.05 - 1.5 
Rejection Particles, 
bacteria, clay, fat 
Macro 
molecules, 
proteins, vira,  
polysaccharides 
Lactose,mono-, 
di-, 
oligosaccharides, 
ions, HMWC 
Minerals, 
glucose, 
amino acids, 
HMWC, 
LMWC 
Energy 
Consumption 
(kWh/m3) 
0.4 3 5.3 10.2 
Materials Ceramic, PP, 
PSO, PVDF 
Ceramic, PSO, 
PVDF, CA, thin 
film 
CA, thin film CA, thin film 
Module Tubular, spiral 
wound, plate and 
frame 
Tubular, spiral 
wound, plate 
and frame 
Tubular, spiral 
wound, plate and 
frame, hollow 
fiber 
Tubular, 
hollow fiber 
HMWC: High Molecular Weight Compounds, LMWC: Ligh Molecular Weight Compounds, 
PSO: Polysulfone, PVDF: Polyvinylidenedifluoride, CA: Cellulose acetate, PP: Polypropylene 
Membrane processes are being applied for treating wastewater when possible and depending on 
the type of oily waste water. According to the oil dispersion, oily water can be classified to three 
main kinds, free-floating oil, unstable oil-water emulsions and stable oil-water emulsions. 
[161,162]. In free-floating, oil can be easily removed mechanically [31] and the oil from the 
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unstable emulsions can be removed either mechanically or by adding specific chemical additives 
[58,59]. However, it is quite difficult to remove the oil in stable emulsions using conventional 
methods since the size of the oil droplets is in microns. Stable emulsions are usually produced 
from a variety of industries such as, oil and natural gas exploration and processing, metallurgical 
industrials, textile manufacturing, food industries. Table 5 summaries the sources and nature of oil 
emulsions from various industries [9,152]. 
Table 5: Sources and nature of oil emulsions from various industries [9,152]. 
Sources of Oily Wastes Industries  Nature/treatment 
Petroleum oil from exploration, 
spills and tanks washing 
Oil exploration and 
refining 
Both free-floating and emulsion 
oils/difficult to treat 
Alkaline/ acidic cleaning 
materials 
Metal manufacturing and 
processing 
High emulsion oils due to 
surfactants usage/difficult to treat 
Floor washing 
 
Use in most industries A mixture of different types of 
oils: hydraulic and cutting fluids, 
along with  paints 
Cooling machines materials Metal manufacturing and 
processing (e.g. steel and 
aluminum rolling) 
Normally mixture of 
emulsions/difficult to treat 
Natural fats and oils from 
plants and animals 
Cooking oil, detergent 
industry, fish and leather 
processing 
Both free-floating and emulsion 
oils/difficult to treat 
 
Membrane separation efficiency is normally identified by the oil rejection coefficient (Ro) and it 
is defined as:   
100
feedinionconcentratoil
permeateinionconcentratoilfeedinionconcentratoil


oR                                       (1)          
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Rejection coefficient is influenced by several variables. These variables include: the size 
distribution of the contaminations in the solution, operating conditions such as, temperature, trans-
membrane pressure (TMP), pH, and cross flow velocity (CFV), capillary pressure of oil droplets 
in the membrane pores, and the membrane material surface characteristics such as, surface tension, 
surface energy, surface charge or polarity [163,164]. These characteristics are strongly connected 
to the surface adsorption capacity [165]. Usually, an effective membrane has high rejection 
coefficients for total organic carbon (TOC), total surface charge (TSC) and chemical oxygen 
demand (COD) [166]. 
Another important parameter in membrane separation is the permeate flux. Permeate flux is 
defined by: 
At
PVJ                                                                                                                                            (2) 
where J is the permeate flux, VP is the permeate volume, A is the membrane effective area, and t 
is the permeation time. The permeate flux is highly influenced by the operating conditions 
[164,167], in particular by the TMP and that is due to the concentration polarization. Normally the 
permeate flux increases by increasing the TMP until it reaches a maximum value. Due to 
concentration polarization, any further increase of TMP leads to decrease of the permeate flux. 
However, once the balance between the mass transfer flow to and from the membrane is achieved, 
the permeate flow reaches steady state [168–170]. The permeate flux depends also on the 
membrane properties such as the pore size, porosity and hydrophilicity [59,169]. Higher permeate 
flux is achieved using large pore size membranes, however, small pore size membranes provide a 
higher oil rejection coefficient and consequently improved demulsification efficiency [171], but 
demand a higher TMP [172].  
As mentioned earlier in this context, membrane fouling is one of the major drawbacks of 
membrane separation processes which leads to persistent decrease of the permeate flux. The main 
cause of fouling is the pore plugging of membrane surface pores by the adsorbed components of 
the feed solution [173]. When compared to new membranes, fouled membranes are characterized 
by higher surface tension and lower hydrophilicity [174]. The lower surface tension is due to the 
adhesion of oil and/or surfactants to the surface of the membrane. The fouling is classified into 
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two types, reversible fouling and irreversible fouling. Reversible fouling can be removed by 
backwashing the membrane. However, irreversible fouling can’t be removed by hydraulic washing 
methods [175]. Irreversible fouling can be further classified to hydraulically and chemically 
irreversible fouling. Chemically irreversible fouling persists even after using chemical cleaning 
methods [176]. 
4.2 Polymeric membrane 
Polymeric membranes are low in cost compared to inorganic membranes and very efficient in 
oil/water separation [177]. However, oil and particulates accumulate within their pores leading to 
a significant reduction in their separation performance [178,179]. The most utilized polymers to 
prepare MF and UF membranes are polysulfone (PSO) [151], polyethersulfone (PES) [180], 
polyvinylidene ﬂuoride (PVDF) [181,182], polyacrylonitrile (PAN) [183] and cellulose acetate 
(CA) [184,185]. However, due to the fouling propensity of these membrane, many modifications 
attempts were conducted to promote the antifouling and raise their hydrophilic characteristics. Oily 
compounds adhesion on hydrophobic surfaces is high, hence, fouling can be significantly reduced 
when hydrophilic membranes are employed. Enhancing the hydrophilicity of polymeric 
membranes can be achieved by two main methods. Either by chemically and/or physically 
modifying the membrane surface or through incorporating hydrophilic additives to the polymer 
structure [186]. Nevertheless, even after modification, the membrane performance is easily 
affected by the operating conditions such as temperature, trans-membrane pressure (TMP), pH, 
and cross flow velocity (CFV). Table 6 shows the main effects of various operating conditions 
[10,187] and Table 7 summarizes established polymeric membrane separation industries [188].  
Table 6: Main effects of various operating conditions on membrane performance [10,187]. 
Operating condition Main effects 
Temperature The higher the temperature, the higher the diffusion 
rate and the mass transfer rate  
Trans membrane pressure (TMP) The higher the TMP, the higher the driving force 
pH Affects the membrane material 
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Cross flow velocity (CFV) The higher the CFV, the  lower the concentration 
polarization and the higher the permeate flux 
 
Table 7: Established polymeric membrane separation industries [188] 
Process Selective 
layer type 
Structure Selective layer 
Thickness (m) 
Polymer 
MF Macroporous 
 
Symmetric 6 – 35 
 
50 – 300 
 
 
50 – 500 
 
 
100 – 500 
 
Polyethylene terephthalate 
Polycarbonates, aromatic 
Cellulose acetates 
Polyethersulfones 
Polyvinylidene fluoride 
Polytetrafluoroethylene 
Polyethylene 
Polypropylene 
Cellulose nitrate 
Polyamide, aliphatic  
UF Mesoporous Asymmetric  0.1 
 
Cellulose acetates 
Cellulose, regenerated 
Polyacrylonitrile 
Polyetherimides 
Polyethersulfones 
Polyamide, aromatic 
Polysulfones 
Polyvinylidene fluoride 
NF, RO, 
GS 
Nonporous Asymmetric  0.1 Cellulose acetates 
Polyphenylene oxide 
Polytetrafluoroethylene 
Polyamide, aromatic, in situ 
synthesized 
Polycarbonates, aromatic 
Polyimides 
Polysiloxanes 
Polysulfones 
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ED Nonporous Symmetric 50 – 500 
 
 
100 – 500 
 
Perfluorosulfonic acid 
polymer 
Poly(styrene-co-
divinylbenzene), sulfonated or 
aminated 
PV  Asymmetric
/composite 
 1 – 10  Polysiloxanes 
Polyvinyl alcohol, crosslinked 
Several improvements are required in order to elevate polymeric membranes economical and 
technical feasibility. The main improvements are increasing the separation efficiency, decreasing 
membrane and reinforcing the chemical resistance of the membrane [189]. These improvements 
are achieved through several preparation and/or modification techniques. Furthermore, improving 
the membrane against fouling, in particular, received a major interest. Hence, several preparation 
and/or modification techniques to enhance the membrane fouling resistance were investigated in 
the literature. Membrane tendency for fouling is strongly related to its hydrophilicity. Hence, 
improving membranes hydrophilicity reduces their fouling significantly [190,191]. Membranes 
Hydrophilicity can be improved via several physical and chemical methods. Examples of these 
methods are interfacial polymerization [192], nanoparticles incorporation [193], and surface 
grafting. The latter can be initiated by ultra-violate (UV) irradiation [194], electron beam 
irradiation [195], plasma treatment [196], layer-by layer modification [197], or Grignard and 
phosphoric acid grafting [198]. Interfacial polymerization, nanoparticles incorporation and surface 
grafting methods will be further discussed in the next sections.  
4.2.1 Interfacial polymerization 
Interfacial polymerization (IP) technique was invented by Emerson Wittbecker in 1959 [199]. IP 
was commonly used to prepare polyamide nanofiltration membranes [200,201]. However, it can 
be used to prepare polyurethanes, polysulfonamides, polycarbonates, and polyesters. In IP, the 
polymerization reaction occurs at the organic side and near the interface between the immiscible 
aqueous/organic solutions [202,203]. This is due to the fact that the solubility of the monomer is 
good in the organic phase and negligible in the aqueous phase [204]. This difference in solubility 
created a chemical potential difference, which consequently, drives the monomers diffusion to the 
interface, hence, initiating the polymerization reaction there [205].  The main advantage of IP is 
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the self-inhibiting of the polymerization reaction caused by the created thin film. This film acts as 
a barrier, thus, hindering the supply of reactants and producing a substantially thin film of thickness 
between 50 mm and 100 mm [206]. The thin film thickness, porosity, pore size composition, and 
thermal properties are determined by the several factors. These main factors are the solvents nature, 
the monomers type, the monomers concentration in both the aqueous and the organic phases, the 
reaction time, and the reaction temperature [192,207,208]. Moreover, there are certain additives 
such as, inorganic salt, carbon nanotubes and silica and titania nanoparticles, that can be added to 
the aqueous phase. These additives play a remarkable role in enhancing the monomers dissolution 
and diffusion rates, hence enhancing the performance of the prepared membranes [209–213]. The 
prepared membranes eventually showed significant improvements for both the rejection capacity 
and the antifouling capability. 
4.2.2 Nanoparticles incorporation 
Nanoparticles incorporation (NI) is another technique that is utilized to improve the membrane 
fouling resistance. In this technique, nanometer-sized particles are incorporated within a polymeric 
membrane structure. This incorporation affects the characteristics of the original polymeric 
membrane such as, permeability, selectivity and hydrophilicity [214]. Hence, influences the 
performance of the prepared membrane. Recently, numerous types of nanoparticles were 
incorporated into polymeric membranes. The most commonly incorporated nanoparticles are silica 
[215], zirconium dioxide (ZrO2) [216], titanium oxide (TiO2) [217], ferric oxide (Fe3O4) [218], 
hydrous manganese oxide (MnO2·nH2O) [217], iron (II) [219], graphene oxide (GO) [220], 
carboxylated graphene oxide (cGO) [221], carbon nanotubes (CNT) [216], polyethylene glycol-
functionalized polyhedral oligomeric silsesquioxane (PEG-POSS) [222], and polymeric 
nanoparticles [223]. Typically, one or more of these nanoparticles types may be incorporated into 
any of the known polymeric materials. The properties of the prepared membrane are the result of 
the interactions between the nanoparticles and the polymeric material. Therefore, the specifications 
of the sought membrane rely on the amount, size and type of the incorporated nanoparticles [224]. 
The incorporation of the nanoparticles into polymeric membranes can be done mainly via in-situ 
solution-casting [225,226], immersion coating [221], aerosol assisted chemical vapor deposition 
(AACVD) [227] and sol–gel syntheses of inorganic nanoparticles inside the pores of the 
membranes [228]. In spite the low cost, the relatively simple preparation, and mild operating 
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condition, this technique, experience a major disadvantage. This disadvantage is the aggregation 
and leaching of the incorporated nanoparticles [229]. The nanoparticles leaching reduces the 
antifouling resistance gradually with time. Table 8 shows several polymeric membranes with 
different ceramic fillers [230]. 
 
Table 8: Polymeric membranes with different ceramic fillers [230]  
Filler Polymer Type Syntheses  Improvements  
Alumina PPY 
PES 
UF 
MBR 
Phase inversion 
Phase inversion 
Adsorption capacity 
Hydrophilicity  
Silica PES 
CA 
PVDF 
MF 
UF 
UF 
Vapor induced phase separation 
Phase inversion 
Thermal induced phase separation 
Hydrophilicity 
Hydrophilicity 
Hydrophilicity 
Titania  PVDF 
PVDF 
PVC 
PES 
- 
UF 
UF 
UF 
Directional melt crystallization 
Solution casting/ Phase inversion 
Non-solvent induced phase separation 
Phase inversion 
Hydrophilicity  
Photo-catalytic activity 
Hydrophilicity 
Hydrophilicity 
Zirconia PES MBR Phase inversion Hydrophilicity 
Clay PVDF UF Phase inversion Hydrophilicity 
Mechanical properties 
 
4.2.3 Surface grafting  
As mentioned earlier, surface grafting is usually initiated by UV irradiation, electron beam 
irradiation, plasma treatment, layer-by layer modification, or Grignard and phosphoric acid 
grafting. UV irradiation is one of the most attractive techniques for surface grafting to prepare 
polymeric membrane with high ability for antifouling [157,228]. This is primarily because it is 
simple to operate, requires low cost, involves fast reactions, easy to commercialize and the 
graftation is restricted to small region adjacent to the surface [231]. UV grafting may take place 
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with or without photo initiators. Commonly, photo initiators are used to initiate the grafting 
reaction. The photo initiators react with polymer membrane under UV irradiation to produce the 
free radicals. These photo initiators are either dissolved in the monomer casting solution [232] or 
adsorbed on the membrane surface [233].  The most commonly used photo initiator is 
benzophenone (BP) [234] and BP-based compounds [235]. Moreover, there are numerous 
compounds often used as photoinitiators. Examples are xanthone (XAN), benzoyl peroxide (BPO), 
vinyl acetate (VAC), (4-benzoyl benzyl) trimethylammonium chloride (BTC), 
isopropylthioxanthone (ITX), 2,2 -azo-bisisobutyronitrile (AIBN), anthraquinone (AQ), 
anthraquinone-2-sulfonate sodium (AQS) and 4,4 - bis(diethylamino)-benzophenone [233,236-
238], 
Dissolving the photo initiator in the monomer solution usually produce low local concentration of 
the photo initiator on the membrane surface and a high photo initiator concentration in the bulk. 
The former leads to low grafting efficiency while the latter promotes homopolymerization [228]. 
This can be avoided by increasing the photo initiator concentration at the surface through 
adsorption [239]. Hence, the bulk concentration of the photo initiator decreases, and consequently, 
the homopolymerization is declined.  
The UV grafting can be also initiated without a photo initiator. In this case, the free radicals are 
directly produced from the polymers under the UV irradiation [240]. Two techniques are typically 
used for membrane modification, dip and immersion techniques [241]. During the immersion 
technique the UV-irradiation takes place while the membrane is immersed in the monomer 
solution. On the other hand, in the dip technique, the UV irradiation started after dipping the 
membrane the monomer solution. In this case, the UV irradiation occur under inert atmosphere. 
Usually, dipping technique resulted in 2 to 3 times more grafting than the immersion technique.    
Plasma grafting is ecofriendly and suitable for grafting thin membrane surfaces when operated at 
pressures less than 100 Pa with a very high frequency of around 13.66 MHz [242,243]. This 
technique employs gas (eg. He, O2 and N2) or vapor (eg. H2O and NH3) reactants [244–246], hence, 
it is able to treat the membrane surface in a short treatment time [242]. He and H2O are 
economically viable and produce adequate functional bonding [247]. In this technique the free 
radicals’ generation is initiated by plasma induction [248,249]. These radicals are stable in 
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vacuum, however, they are very active and can react very fast when they are in contact with 
gaseous or solution monomers. The main parameters that determine the grafting quality are the 
plasma operating condition such as power, pressure and reactant gas, and polymerization 
conditions such as grafting time and monomers concentration [157,250]. Plasma grafting can be 
accomplished in several approaches. It can be done in solution, in vapor phase or in plasma reactor. 
Experiments performed on PSO showed that grafting in vapor phase had the highest flux [251].  
Plasma grafting has many advantages such as improving the regeneration properties for 
hydrophobic membranes [252], it requires a very short time and it can modify the membrane 
surface without affecting its bulk. However, it is hard to scale up from laboratory scale to industrial 
scale and the treatment is highly influenced by the system parameters experience a lack of 
reproducibility [157].  Figure 5 shows a schematic of plasma reactor used to treat asymmetric PSf 
membranes [246]. 
 
Figure 5: Schematic of plasma reactor used to treat asymmetric PSf membranes [246]. 
Electron beam (EB) irradiation is also used to initiate surface grafting and modify the membrane 
antifouling resistance [253,254]. This technique utilizes high energy beta radiation to generate free 
radicals. These free radicals react with the solution monomers, hence, they boost the changes in 
polymer-matrix and modify the polymers cross linking [255]. It is a very effective and ecofriendly 
technique, since a high energy electron beams is used and no strong additive chemicals or catalysts 
are required to achieve the membrane modification [256]. The monomers are not exposed directly 
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to the radiation beam in this technique, hence, less homopolymerization is anticipated. Several 
grafting monomers have been investigated in literature such as, 4-styrenesulfonate [257], styrene 
[258] and Nisopropylacrylamide [259]. Moreover, EB irradiation is also used to graft zwitterionic 
molecules on polymers surfaces and on hollow fiber membranes. Grafting these zwitterionic 
molecules lowers the membrane fouling effectively [260–262]. The nature of the grafted monomer 
has a great influence on the uniformity of the formed chains, hence the efficiency of the grafting. 
Nevertheless, a possible drawback may result from a high degree of grafting [253]. This usually 
leads to long straight chains which in turn may plug the membrane pores, hence, lowering the 
membrane permeability. 
4.3 Inorganic membranes 
As mentioned earlier in this context, inorganic membranes are mainly metallic, ceramic, zeolite 
and carbon based. They are generally prepared by solid state [263], sol-gel [264], chemical vapor 
deposition (CVD) [265], slip casting [266,267], freeze casting [268], tape casting [269], dip 
coating [270], pressing [271], extrusion [271,272], and atomic layer deposition [273]. Several 
types of inorganic membranes are utilized for water treatment and desalination, however, ceramic 
membranes, in particular, have received a great attention. The ceramic membranes that are mostly 
used in water treatment and desalination are alumina, silica, titania, zirconia, zeolite and silicon 
carbide [274–279]. Nevertheless, the production cost of these membranes is very expensive, hence, 
cheaper raw materials were utilized to lower the production cost. These raw materials include clay 
[280], quarts sand [281], fly ash [282] and kaolin [283].  
4.3.1 Ceramic membranes 
Ceramic membranes are prepared in two different structures: asymmetric and symmetric. In 
symmetric structure, the size of the pores is equal and the membranes’ properties are uniform 
throughout the cross section of the membrane [284]. On the other hand, asymmetric membranes 
are composed of a layered structure. In this structure, a thin selective layer is prepared on top of 
strong support layers. The top thin layer is the selective layer with a small pore size. The thin layer 
is supported by a strong support layer to provide the required mechanical strength to restrain the 
collapse of the membrane during operation [285]. In some cases, intermediate layers are required 
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to bridge the gap between the small pores of the selective layer and the large pores of the support 
layer [286]. The pore size is gradually increasing through the intermediate layers up to the bottom 
support layer [123]. Nevertheless, the pores of the support layer and intermediate layers are orders 
of magnitude larger than the pores of the selective layer [287]. Hence, these layers afford no 
significant separation with a least flow resistance. Asymmetric membranes are superior compared 
to symmetric membranes because the flux is determined by the thickness of the top thin selective 
film and not by the whole membrane thickness [288]. Most ceramic membranes have an 
asymmetric structure with either a dense or a porous active layer [289]. Table 9 summaries various 
types, materials, fabrication technique and Configuration of inorganic membranes [123]. 
Table 9 Types of ceramic membranes [123]. 
Type Structure Materials Technique Configuration 
Single wall Asymmetric 
Alumina 
Anodic oxidation Sheet, tube, 
monolith 
Single wall Symmetric Alumina 
Silica 
Anodic oxidation 
Track etch 
Sheet 
Tube 
Multilayered Asymmetric Alumina, titania, 
zirconia, 
ceramic-metal, 
ceramic-ceramic 
Dip coating, slip casting, 
sol-gel 
Disk, tube, 
monolith 
Modified 
structures 
Asymmetric 
Ceramic-ceramic  
ceramic-organic 
Pore plugging, intra pore 
deposits, intra pore coating 
Disk, tube, 
monolith 
 
Ceramic membranes are typically classified according to their pore size to macroporous, 
mesoporous and microporous. Macroporous membranes have a pore size greater than 50 nm and 
are utilized usually as supports in composite membranes. They have high permeability but with no 
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notable functional selectivity. Hence, they are used mostly in MF and UF applications [290]. 
Mesoporous membranes have a pore size between 2 and 50 nm, hence, they provide high 
permeability with very low selectivity. Consequently, they are used in the preparation of composite 
membranes and they are used mainly in NF [291]. Microporous membranes have a pore size less 
than 2 nm, hence, they can separate mixtures using the molecular sieving mechanism. They can 
provide a very high selectivity, however, their permeability is very low. Microporous membranes 
are used usually for NF and gas separation (GS) [292,293].  
Nonporous membranes or dense membranes consist of a dense film through which the permeants 
are transported by diffusion. The separation in nonporous membranes occur through the solution-
diffusion mechanism. Solution-diffusion mechanism, consists of three steps:  firstly, the molecules 
are dissolved into the membrane or absorbed at the membrane surface on the feed side.  Secondly, 
the dissolved molecules diffuse through the membrane material. The third step involves desorption 
of these molecules on the permeate side [294]. In this mechanism, the separation is achieved 
between the different permeants due to the differences in their solubility coefficients and 
diffusivity coefficients in the membrane material. Consequently, nonporous membranes can 
separate components of similar size if their solubility in the membrane material is significantly 
different [295]. Nonporous membranes are employed mainly in GS applications and they provide 
high selectivity but their permeabilities are usually low [296]. Table 10 shows the pore size, 
permeation mechanism, applications, and advantages and disadvantages for each of these 
membranes [297]. 
Table 10 Classification of ceramic membranes based on their pore size [297]. 
Porous 
Membrane 
Pore size 
(nm) 
Permeation 
Mechanism 
Applications Advantages/ 
disadvantages 
Macroporous  50 Poisseuille flow MF and UF 
High permeability/            
no functional selectivity 
Mesoporous 2 – 50 Knudsen flow UF and NF 
High permeability/          
low selectivity 
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Microporous  2 Molecular sieving NF and GS 
Low permeability/          
high selectivity 
Nonporous – Solution-diffusion GS 
Low permeability/          
high selectivity 
 
4.3.2 Preparation techniques of ceramic membranes 
 
Most of the ceramic membranes have asymmetric structure, in other words, they consist of several 
layers. Ceramic membranes possess several geometric configurations such as flat, tubular, 
monolith, capillary and hollow fiber. Despite the geometric configuration, ceramic membranes 
prepared by three main steps. The first step is the preparation of the particles paste or suspension. 
In this step the ceramic material mixed with proper additives to stabilize the suspension and 
enhance the membrane microstructure characteristics. Examples of these additives are sintering 
additives, plasticizers, lubricants, binders, dispersant and antifoaming agents [298,299]. Sintering 
additives are used to lower the sintering temperature, in particular, for alumina membranes. Some 
of these additives are magnesium oxide, manganese oxide, copper oxide and titanium oxide [300-
302]. Plasticizers are used to enhance the rheological characteristics, and improve demixing 
resistance of the suspension, facilitate the handling and sustain the membrane configuration and 
shape [228,303,304]. Methocel [305], sodium silicate [306], triethanolamine and triethyleneglycol 
[303] are examples of common plasticizers.  
 
The second step is the forming the suspension or the paste into the desired shape, flat, tubular, 
monolith, etc. The final step is the heat treatment step through sintering and calcination. This step 
is the most important where the membranes are heated to their sintering temperature, then cooled 
to the room temperature [279, 307]. Low heating and cooling rates are especially used throughout 
the critical temperature region, where the organic additives decompose and burn [287]. The low 
heating and cooling rate is necessary to prevent defect formation during the heat treatment 
[308,309]. Removal of the organic additives is associated usually with shrinkage of the membrane 
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crystallites. This leads to creation and/or enlargement of the intercrystalline pores [310]. In the 
case of zeolite films, the heat treatment removes the templates from the zeolite pores and strength 
the bonding between the zeolite film and the support. However, it leads to compressive stresses 
especially during the cooling period [311]. Additional heat treatment is required for the membrane 
modifications such as depositing extra layer, controlling the pore size distribution or tuning other 
membrane properties [312]. Ceramic membranes are prepared by several methods and they are 
summarized in the following sections: 
- Sol-gel 
Sol–gel is an attractive process for the preparation of ceramic membranes. It is simple and easy to 
adopt and it allows a firm control of the compositions, pore structure, pore size, pore size 
distribution and catalytic activity of the membrane [313]. It also allows the deposition inside the 
pores of porous supports, preparation of multilayer thin film coatings and it also used to prepare 
inert and catalytic mesoporous and microporous membranes [314]. Most of the membranes 
prepared by sol-gel technique were either thin films on top or inside the pores of a porous support 
[315-317]. Sol-Gel involve two main routes: The colloidal route and the polymeric route. For both 
routes the precursors is typically a metal alkoxide. The major difference between the two routes is 
that in the colloidal route the precursor is dissolved in aqueous solvent to form a colloidal sol while 
in the polymeric route the precursor is dissolved in organic (alcohols, aldehydes or ketones) to 
form a sol [314,318]. After cooling, the sol is coated on the porous support, then dried and sintered 
at the proper temperature. Due to the difference in the solvent type, the colloidal route produces 
mesoporous membranes while the polymeric membranes produces microporous membranes [319]. 
Furthermore, the sol-gel method was employed to prepare alumina [320], silica [321], titania [322], 
and zirconia [323] ceramic membranes.    
 
- CVD  
This technique is attractive for deposition of very thin solid films with high purity on surface of 
solid porous substrates. In CVD, the precursor stream consists of a single gas or a mixture of gases 
and the substrate is placed inside a heated chamber. The precursor constituents react or decompose 
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on the surface of the substrate leading to the aimed deposition. Basically, CVD can be performed 
by two distinct approaches. The main difference between these two approaches is the way of 
supplying the precursor constituents to the substrate [324]. In one approach, the precursor 
constituents are supplied to the side of the substrate where the thin film is to be deposited and a 
vacuum is applied on the other side. In the other approach, instead of the vacuum, another 
precursor stream is supplied to the opposite side of the substrate. The reactions products taken out 
of the chamber by a flowing gas. The main factors affecting the deposited film composition, 
thickness and the pore size distribution inside the film are the type of the gases in the precursor 
stream, their concentration, temperature and pressure inside the reaction chamber [325].  
 
There are several advantages associated with the CVD technique such as the flexibility and huge 
variety of possible precursors and consequently enormous choices of film materials and 
compositions, the easy control of the prepared film composition, morphology and orientation, the 
easily controllable deposition rates, the reasonable reproducibility, the ability to produce uniform 
coatings with good coating coverage and to coat substrates with complex shapes, the operation at 
high temperatures which eliminates the heat treatment step, hence, prevents defect formation and 
shrinkage of the membrane crystallites [326,327]. However, CVD suffer from several 
disadvantages such as the raw materials high cost, the difficult control of the multicomponent 
materials deposition, the possibility of film hydrocarbon contamination, and the hazard effects 
caused by the use of explosive, flammable, toxic and corrosive gases [327]. Nevertheless, CVD 
techniques were used to prepare silica [328], silica-alumina [329]. Alumina-zirconia [330], and 
Silicon carbide–titanium carbide [331] composite membrane. Figure 6 shows a schematic 
illustration of the key CVD steps during deposition [327]. 
 
31 
 
 
Figure 6: A schematic illustration of the key CVD steps during deposition [327]. 
 
- Slip Casting 
Slip casting is the most common preparation technique for membrane synthesis [332]. It is simple 
and can be employed economically for the preparation of inorganic tubular and ceramic hollow 
fiber ceramic membranes [333]. In this technique, the powder suspension is mixed and poured on 
the surface of porous substrate (or mold), the solvent penetrates through the pores of the substrates 
via capillary forces [334]. Hence, the suspended particles form a gel layer which is deposited on 
the surface of the substrate resulting in a dense film. This should be followed by quick 
consolidation to prevent the particles penetration inside the substrate pores, hence, clogging them 
[335]. The art of slip casting process depends mainly on the permeability of the porous substrate 
and the extent of the capillary pressure [336]. 
 
Slip casting major advantages are the homogenous structure of the deposited film and its 
remarkable adherence with the porous substrate. The latter allows the membrane to operate under 
high back pressure [337]. However, the main drawbacks of this technique are the prolonged casting 
time, the difficulty in controlling the thickness and uniformity of the deposited film, and the mold 
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breakage after few casts which, hence, new molds are required which raise the production cost 
[338]. Numerous materials such as alumina [285], titania [275], zirconia [339], and perovskite 
[340] have been utilized in slip casting technique to fabricate MF and UF ceramic membranes. 
 
- Freeze casting 
Freeze casting or ice-templating is a new technique that received a great attention in the last decade 
for the preparation of porous ceramic membranes. This is mainly because this technique is able to 
produce hierarchical ceramic membranes with a very high porosity [341]. This technique consists 
mainly of two steps: freezing step and drying or sublimation step. The freezing takes place at the 
bottom of the suspension or slurry and followed by the sublimation step [342]. Both freezing and 
sublimation take place at low pressures and temperatures. Freezing and sublimation steps repeated 
sequentially to control the vertical growth of the crystals toward the course of the freezing [343]. 
The suspension consists mainly of ceramic powder, solvent, and additives. The pore shape usually 
depends on the type of the used solvent and the most common solvents are water [344], tert-butyl 
alcohol [345] and camphene [346]. The additives include dispersants to enhance the stability and 
the viscosity of the suspension, binders, to improve the mechanical strength, antifoaming to 
eliminate any air bubbles and increase the homogeneity of the suspension [347]. A possible 
approach to eliminate the air bubbles is by using vacuum desiccator before starting the freezing 
step [348]. The freezing and sublimation steps produce membranes with poor mechanical 
properties. However, these properties can be prominently improved after the heat treatment step 
[349].  
 
The main factors affecting the microstructure of the prepared membrane are the constituents of the 
suspension and the freezing operating conditions such as temperature, pressure, direction and 
velocity [350,351]. Freezing techniques can be used to prepare membranes not only from most of 
the ceramic materials but also from some metals. Examples of these materials are alumina [352], 
titania [353], yttria-stabilized zirconia [354], nickel oxide–yttria stabilized zirconia [355], 
perovskite [356] and metals [357]. 
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- Tape Casting 
This technique is used to prepare thin flat ceramic sheets. It consists of casting tape, casting knife, 
moving carrier and casting reservoir [338]. The suspension is added to the reservoir and the 
thickness of the produced film is controlled by the distance between the casting knife and moving 
carrier. The casting suspension consists of ceramic powder, organic solvent, dispersant, binder and 
plasticizer. After the casting, prepared film kept on the moving carrier and passed through a drying 
region where the evaporation of the organic solvent occurs [358]. The drying should occur at 
temperatures below the boiling point of the solvent and consequently, higher drying rate [269,359]. 
Moreover, cautious control of the drying process is essential, otherwise, cracks generate in the 
casting tape [269,360]. The main factors determining the film characteristics are the distance 
between the knife and moving carrier, the viscosity of the suspension, the depth of the slip 
reservoir, the contact angle and the quality of casting tape [361].  A schematic diagram of tape 
casting process using a doctor blade is shown in Figure 7 [358]. 
 
Figure 7 Schematic diagram of tape casting process using a doctor blade [358]. 
 
 
The membranes prepared by tape casting are characterized by their homogenous microstructure 
throughout the whole thickness, and their thickness is few millimeters with smooth surface finish 
[362]. Nevertheless, the main drawbacks of this technique are the corrosion of the mold which 
leads to poor precision of the produced shape, the health and environmental impacts due to solvent 
evaporation, and the very long casting time especially in fine powder casting. Several researchers 
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have addressed these drawbacks and these efforts resulted in a significant increase of the 
production cost [363-365]. 
 
The tape casting was used to prepare MF alumina [366,367], UF zirconia [368], silicon nitride 
[369,370], and Kaolin [371] ceramic membranes. It was also used to prepare MF metal membranes 
[372]. Despite that the cost of the hydrophobic kaolin membranes were very low, they showed 
excellent performance in treating oily waste water [371]. 
 
 
-  Dip Coating 
This technique is used to prepare very thin selective films with high quality for asymmetric 
membranes. It consists of five paces, substrate immersion into the sol solution, then the startup of 
the sol attachment to the substrate due to the capillary suction. This is followed by the deposition 
of the sol on the surface of the substrate during the substrate withdrawal from the solution. The 
deposition leads to the drainage of excess liquid from the surface of substrate and simultaneous 
evaporation of the solvent, and subsequently, a formation of a gel layer on top of the support 
surface [373].  
 
The main factors that control the thickness and morphology of the prepared film are the speed of 
the substrate withdrawal from the solution, the solid volume fraction, and with viscosity, density, 
surface tension, pH and temperature of the dip coating solution [374-376]. The major ones are the 
withdrawal speed and the sol viscosity. As the withdrawal speed and the viscosity increases, the 
thickness of the film increases [377,378]. For instance, for silica membranes preparation, the 
typical withdrawal speed is in the range of 1 to 20 cm/min and the dilution with ethanol is up to 
20 times the original solution volume [230,379]. Thicker films are inclined to form cracks during 
the solvent evaporation, hence, it is favorable to operate at low withdrawal speeds along with low 
viscosity sols [230,378]. Typical thickness of dip coated films is between 0.1 and 100 m. Dip 
coating technique was used to prepare several types of ceramic membranes such as alumina [380], 
silica [381], titania [382], zirconia [383] and zeolite [384] membranes.  
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- Pressing  
This technique is used to prepare MF and UF supported and non-supported ceramic membranes 
for oil/water separation. A high pressure in the range of 10 to 100 MPa is applied to the surface of 
the raw material powder to prepare symmetric membranes [230]. These membranes are in flat disk 
shape of few centimeters in diameters and their thickness is in the range of 0.5 to 1 mm [271]. The 
microstructure of the prepared membranes is controlled by mixing raw materials with inorganic 
and/or organic pore formers such as calcium carbonate and starch [271,385].  Typically, this 
method yields quite uniform films with high quality membranes, it utilizes a variety of raw 
materials and especially inexpensive materials and allows the formation of multilayers membranes 
[386].  However, this process is batch in nature, which limits the production rate and produced 
membranes size [387]. Hence, it is restricted to laboratory scale production. It is very difficult to 
control the thickness to diameter ratio in this technique. Examples of materials employed to 
prepare ceramic membranes are alumina and kaolin [388], clay [269] YZX [389], and natural 
zeolite [390]. 
 
- Extrusion  
Extrusion is similar to pressing since a high pressure is applied to force the raw material paste 
through a nozzle. Hence the resulted membranes will be in tubular shape. Beside the ceramic 
powder, the paste consists of an organic solvent, a plasticizer, a dispersant and a binder. After the 
extrusion these constituents should be removed by drying and then heating the membranes to high 
temperatures up to 600oC before sintering [391]. This technique allows a continuous production 
and an adequate control of the shape, pore size distribution and porosity of the prepared membrane 
[391,392]. The former, endorse the mass production and consequently, lower the production cost.  
Extrusion method was used to prepare MF membranes using alumina [393], clay [271,272], 
cordierite [394], and Moroccan Perlite [395].  
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-  Atomic Layer Deposition 
Atomic layer deposition (ALD) technique is based on alternating pulses of two vapor precursors 
that are separated from each other. Since both precursors are in vapor phase, hence, they are easily 
adsorbed on the pore walls of the substrate and the latter adsorbed precursor reacts with the 
formerly adsorbed one [396]. Furthermore, ALD is a gas phase self-limiting deposition technique 
that operate on cycles [397]. Each cycle consists of four steps, firstly, exposing the substrate 
surface to the first precursor, followed by evacuating the reaction chamber by purging an inert gas, 
then, exposing the substrate surface to the second precursor, and finally, evacuating the reaction 
chamber again by purging an inert gas [398]. Thus, each cycle produces a monoatomic thick film 
and these cycles can be reiterated until the desired film thickness is achieved. Moreover, the 
thickness of the deposited film can be precisely controlled by solely repeating the deposition cycle 
[399]. ALD is utilized primarily for adding functional groups to porous materials and for the 
purpose of pore size reduction [397]. It is employed mainly to reduce the pore size for gas 
separation membranes. It is also used in liquid separation membranes for pore size reduction to 
sub angstrom scale, and for improving their hydrophilicity and enhancing solvent resistance [400]. 
A schematic diagram of the ALD chamber with a tubular membrane inside is shown in Figure 8 
[397]. 
 
 
Figure 8: A schematic diagram of the ALD chamber with a tubular membrane inside [397]. 
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ALD technique is used to prepare films that are highly uniform and conformal [401]. It possesses 
several superior advantages.  ALD controls the film thickness preciously and it can operate with 
large areas and at low temperatures.  Moreover, the process can be scaled up easily with 
outstanding reproducibility. The gas phase reactions are completely restricted in ALD and it is 
capable of depositing different raw materials for the preparation of multilayer films in a continuous 
manner [402]. ALD technique was used to reduce MF zirconia membrane by depositing alumina 
layer with Trimethylaluminum as a metal precursor and deionized water as an oxidant [397]. It 
was also employed to reduce the pore size of alumina tubular membranes by depositing silica and 
titania layers [403]. The alumina pore diameter reduction was in the rate 1.3 Angstrom per cycle 
when silica was deposited and 3.1 Angstrom per cycle when titania was deposited. ALD was 
successfully utilized in subsequent deposition of alumina and zirconia layers [404]. 
 
4.3.3 Ceramic membranes for oily water separation  
Recently, numerous studies have been conducted to develop new ceramic membranes for oily 
water separation. Ceramic membranes possess several advantages when compared to polymer 
membranes. These advantages mainly the homogenous and narrow pore size distribution, the high 
mechanical, chemical and thermal stabilities, and weak bonding between the fouling substances 
and their surface [405]. Consequently, ceramic membranes can withstand harsh operating 
conditions, they operate under high temperatures and pressures, and endure high acidic and 
alkaline environments [406]. Moreover, ceramic membranes are durable and can resist corrosion, 
abrasion, bacteria and fouling [407]. Hence, they are easy to regenerate and can achieve very high 
flux and backwashing efficiency [408]. Due to the high chemical stability, they can withstand 
wastewaters with excessive oil content and the cleaning with strong chemicals, thus incessant 
performance can be guaranteed [10,409]. Nevertheless, ceramic membranes main drawbacks are 
the high initial cost, the heavy weight and the low area to volume ratio. This is usually compensated 
by the long service life. Table 11 summarizes the key advantages and disadvantages of ceramic 
membranes as compared to polymeric membranes [410].  
Table 11 Advantages and disadvantages of ceramic membranes as compared to polymeric 
membranes [410]. 
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Advantages Disadvantages 
- Very high flux  - High production cost 
- High mechanical, chemical and thermal 
stabilities 
- Low area to volume ratio 
- Long term stability under high 
temperatures 
- Brittleness  
- Lower tendency for fouling and easy 
cleaning after fouling   
- Low selectivity in large scale 
microporous membranes  
- Operate under high pressures and resist 
high pressure drops 
- Low permeability of highly selective 
dense membranes 
- Withstand harsh chemical environment, 
resist corrosion and abrasion and Inert 
for microbiological degradation 
- Sealing is a challenge 
- Easy catalytic activation  
 
Oily water is typically treated using MF [411], UF [412], and NF [413] ceramic membranes. MF 
membranes were also used to separate oil, grease and suspended solids from produced water [269]. 
The most utilized materials for ceramic membranes preparation are alumina, titania, silica and 
zirconia or zirconia based membranes [274–277]. Clay membranes were investigated for oily 
produced water purification [414–416]. It was evident that clay membranes are not suitable to treat 
produced water with high concentration of total dissolved solids [417]. Zeolite membranes which 
possess three-dimensional well defined microporous structure were also considered for oil/water 
separation [418,419]. Moreover, zeolite membranes represent a favorable alternative to separate 
distinct ions from oil field waste water through RO [420,421]. However, they suffer from serious 
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drawbacks when utilized for produced water separation. These drawbacks include the low 
permeability, the performance decay, the sensitivity to the flow variation, the modest predictability 
of the membrane life and the relatively high cost [422,423]. Hence, their industrial scale use for 
desalination is limited. Different ceramic membranes techniques for produce water treatment is 
presented in Table 12. And Table 13 presents typical operating conditions for oily wastewater 
ceramic membranes [424] 
Table 12: Produced water treatment by different ceramic membranes [230]  
Material  Type Flux (L/hr/m2)  Removal efficiency  
Alumina MF/UF 118 - 125 Oil and turbidity 99%, TSS 100% 
α-Alumina MF 250 Oil 95% 
Alumina/ titania MF/UF 3.4 -3300 Oil 99.5%, TOC 49% 
Alumina/ Zirconia NF 190- 250 TDS 95% 
Zirconia UF 600 Oil and turbidity 90%, TSS 100% 
 
Table 13: Typical operating conditions for oily wastewater ceramic membranes [424] 
Membrane (pore size) Treated water Operating conditions  
Alumina (0.1, 0.2, 0.5 m) Oil/water emulsion 
 
TMP = 0.5–2.0 bar 
CFV = 4.5 m/s 
Alumina (0.2 m) Refinery wastewater 
 
TMP = 0.75–1.75 bar 
CFV = 0.75-2.25 m/s 
Alumina (0.05 m) Synthetic oily wastewater TMP = 0.5–3.0 bar 
CFV = 0.2-1.7 m/s 
Alumina (0.2, 0.8 m) Synthetic OPW TMP = 0.7–1.4 bar 
CFV = 0.24-0.91 m/s 
Alumina/titania  (0.05, 0.1, 0.2 m) Synthetic OPW TMP = 0.5–2.0 bar 
CFV = 0.6-1.3 m/s 
Alumina, zirconia (0.05, 0.1, 0.5 m) Oil/water emulsion TMP = 1.0–4.0 bar 
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CFV = 0.47-2.16 m/s 
Zirconia (0.2 m) Refinery oily water TMP = 0.45–1.55 bar 
CFV = 0.58-2.56 m/s 
OPW: Oilfield produced water  
 
Ullah et al. investigated the use of slotted pore membrane with a 4 m slot width and 400 m slot 
length [425]. The use of slotted pore membrane lowers the fouling and results in higher separation 
efficiency than circular pore membrane under lower trans-membrane pressure. The permeation 
through circular pore membranes is controlled by the trans-membrane pressure, hence, it is 
possible for spherical droplets to plug the pores of circular pores. However, in the case of slotted 
pore membrane, the permeation is controlled by the drag force around the oil droplets and it is 
impossible for a spherical drop to completely plug a slotted pore [426].  
 
5. Conclusion 
Industrial activities generate large amounts of oily wastewater which imposes severe effects on the 
environment. Hence, several oily wastewater treatment techniques were investigated in the 
literature. Membrane separation technology was proposed as a pretreatment method for saline oily 
water. Studies in the literature showed very promising results. 
The process of separation using ceramic membranes, in particular, was addressed in several 
studies. These studies showed that ceramic membranes are efficient and economically viable 
alternative when compared to other treatment methods. The studies in the literature also 
investigated: 1) different membranes materials and their performance in treating oily wastewater 
and 2) the possible techniques to enhance the membranes characteristics, hence their separation 
performance. The results revealed that several modifications have been employed to further 
enhance the membranes performance. Particularly, surface modifications to improve the fouling 
resistance received great attention. Operating conditions have a great effect on the performance of 
the effectiveness of the membrane separation. Thus, many studies have been directed to investigate 
their effect on the separation performance along with possible ways to optimize them. Membrane 
separation processes have been evaluated for their commercialization potential. It appeared that 
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ceramic membranes, in particular, are very promising candidates for treating oily water, thus, they 
received a special attention. However, their production cost is still high. Hence, more efforts are 
required to promote cheaper inorganic membranes and further improve their separation 
performance. These efforts will hopefully result in a more viable industrial scale membrane 
separation process for oily wastewater.  
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TSS: Total Suspended Solids 
UF: Ultrafiltration 
UV: Ultra-Violate 
VAC: Vinyl Acetate 
VOCs: Volatile Organic Compounds 
VP: Permeate Volume 
XAN: Xanthone 
 
References: 
1- N. E. Onwurah, V. N. Ogugua, N.B. Onyike, A.E. Ochonogor, O.F. Otitoju, Crude oils spills 
in the environment, effects and some innovative clean-up biotechnologies, International 
Journal of Environmental Research 1 (2007) 307–320. 
2- V.G. Gude, Desalination and sustainability – An appraisal and current perspective, Water 
Research 89 (2016) 87–106 
3- R.F. Service, Desalination freshens up, Science 313 (2006) 1088–1090. 
4- A. Iglesias, L. Garrote, F. Flores, M. Moneo, Challenges to manage the risk of water scarcity 
and climate change in the Mediterranean, Water Resources Management 21 (2007) 775–788. 
5- M.A. Shannon, P.W. Bohn, M. Elimelech, J.G. Georgiadis, B.J. Marinas, A.M. Mayes, Science 
and technology for water puriﬁcation in the coming decades. Nature 452 (2008) 301–310. 
6- N. Ghaffour, T.M. Missimer, G.L. Amy, Technical review and evaluation of the economics of 
water desalination: current and future challenges for better water supply sustainability, 
Desalination 309 (2013) 197–207.  
44 
 
7- S.R.H. Abadi, M.R. Sebzari, M. Hemati, F. Rekabdar, T. Mohammadi, Ceramic membrane 
performance in microﬁltration of oily wastewater, Desalination 265 (2011) 222–228. 
8- S. Jamaly, A. Giwa, S.W. Hasan, Recent improvements in oily wastewater treatment: Progress, 
challenges, and future opportunities, Journal of Environmental Sciences 37 (2015) 15–30. 
9- L. Yu, M. Han, F. He, A review of treating oily wastewater, Arabian Journal of Chemistry 10 
(2017) S1913–S1922. 
10- M. Padaki, R.S. Murali, M.S. Abdullah, N. Misdan, A. Moslehyani, M.A. Kassim, N. Hilal, 
A.F. Ismail, Membrane technology enhancement in oil–water separation. A review, 
Desalination 357 (2015) 197–207. 
11- A.K. Kota, G. Kwon, W. Choi, J.M. Mabry, A. Tuteja, Hygro-responsive membranes for 
effective oil–water separation, Nature Communications 3 (2012) 1025.  
12- Qi. Wen, J. Di, L. Jiang, J. Yu, R. Xu, Zeolite-coated mesh film for efficient oil–water 
separation, Chemical Science 4 (2013) 591–595. 
13- H. Shi, Y. He, Y. Pan, H. Di, G. Zeng, C. Zhang, L. Zhang, A modiﬁed mussel-inspired method 
to fabricate TiO2 decorated superhydrophilic PVDF membrane for oil/water separation, 
Journal of Membrane Science 506 (2016) 60–70. 
14- G. Kwon, E. Post, A. Tuteja, Membranes with selective wettability for the separation of oil–
water mixtures, MRS Communications (2015), 5, 475–494. 
15- J. Kujawa, S. Cerneaux, W. Kujawski, K. Knozowska, Hydrophobic ceramic membranes for 
water desalination, Applied Sciences 7 (2017) 402–413. 
16- S. Munirasu, M. Abu Haija, F. Banat, Use of membrane technology for oil field and refinery 
produced water treatment – a review, Process Safety and Environmental Protection 100 (2016) 
183–202. 
17- S. Adhikari, S. Fernando, Hydrogen Membrane Separation Technique, Industrial and 
Engineering Chemistry Research 45 (2006) 875–881. 
18- R.P. Lively, D.S. Sholl, From water to organics in membrane separations, Nature Materials 16 
(2017) 276–279. 
19- J. Zhang, J.A. Schott, Y. Li, W. Zhan, S.M. Mahurin, K. Nelson, X.-G. Sun, M.P. Paranthaman, 
S. Dai, Membrane-based gas separation accelerated by hollow nanosphere architectures, 
Advanced Materials 2017, 29, 1603797–1603803. 
45 
 
20-  J. Jasmine, S. Mukherji, Characterization of oily sludge from a refinery and biodegradability 
assessment using various hydrocarbon degrading strains and reconstituted consortia, Journal 
of Environmental Management 149 (2015) 118–125. 
21- S.O. Honse, S.R. Ferreira, C.R.E. Mansur, E.F. Lucas, Separation and characterization of 
asphaltenic subfractions, Química Nova 35 (2012) 1991–1994. 
22- C. Thakur, V.C. Srivastava, I.D. Mall, A.D. Hiwarkar, Mechanistic study and multi-response 
optimization of the electrochemical treatment of petroleum, Clean – Soil, Air, Water 46 (2018) 
1700624. doi:10.1002/clen.201700624. 
23- O. Ward, A. Singh, J. Van Hamme, Accelerated biodegradation of petroleum hydrocarbon 
waste. Journal of Industrial Microbiology & Biotechnology 30 (2003) 260–270. 
24- M. Kriipsalu, M. Marques, A. Maastik, Characterization of oily sludge from a wastewater 
treatment plant flocculation-flotation unit in a petroleum refinery and its treatment 
implications. Journal of Material Cycles and Waste Management 10 (2008) 79–86. 
25- E.T. Igunnu, G.Z. Chen, Produced water treatment technologies, International Journal of Low-
Carbon Technologies 9 (2014) 157–177. 
26- L. Lv, J. Xu, B. Shan, C. Gao, Concentration performance and cleaning strategy for controlling 
membrane fouling during forward osmosis concentration of actual oily wastewater, Journal of 
Membrane Science 523 (2017) 15–23. 
27- S.J. Robertson, W.B. McGill, H.B. Massicotte, P.M. Rutherford, Petroleum hydrocarbon 
contamination in boreal forest soils: a mycorrhizal ecosystems perspective, Biological Reviews 
82 (2007) 213–240. 
28- R. Vaquer-Sunyer, D.J. Conley, S. Muthusamy, M.V. Lindh, J. Pinhassi, E.S. Kritzberg, 
Dissolved organic nitrogen inputs from wastewater treatment plant effluents increase 
responses of planktonic metabolic rates to warming, Environmental Science and Technology 
49 (2015) 11411−11420. 
29- F. Attiogbe, M. Glover-Amengor, K. Nyadziehe, Correlating biochemical and chemical 
oxygen demand of efﬂuents—a case study of selected industries in Kumasi, Ghana, West 
African Journal of Applied Ecology 11 (2007) 1–11. 
30- T. Xiu-xiang, C. Yi-jun, L. Jing, S. Kai-yi, L. Jin-yan, M. Fan, Studies on characteristics and 
flotation of a hard-to-float high-ash fine coal, Procedia Earth and Planetary Science 1 (2009) 
799–806. 
46 
 
31- J. Saththasivam, K. Loganathan, S. Sarp, An overview of oil–water separation using gas 
flotation systems, Chemosphere 144 (2016) 671–680. 
32- N.K. Shammas, L.K. Wang, H.H. Hahn, Fundamentals of wastewater flotation. In: Wang LK, 
Shammas NK, Selke WA, Aulenbach DB (eds) Flotation technology. Humana Press, Totowa, 
NJ (2010). 
33- M.R.A. Radzuan, M.A.A-B. Belope, R.B. Thorpe, Removal of fine oil droplets from oil-in-
water mixtures by dissolved air flotation, Chemical Engineering Research and Design 115 
(2016) 19–33. 
34- R. Etchepare, H. Oliveira, A. Azevedo, J. Rubio, Separation of emulsified crude oil in saline 
water by dissolved air flotation with micro and nanobubbles, Separation and Purification 
Technology 186 (2017) 326–332. 
35- D-H. Kwak, S.-W. Chae, Solid thickening and methane production of livestock wastewater using 
dissolved carbon dioxide flotation, Water Quality Research Journal 51 (2016) 17–25. 
36- C.H. Rawlins, Flotation of fine oil droplets in petroleum production circuits. Recent Advances 
in Mineral Processing Plant Design. Society for Mining, Metallurgy, and Exploration (2009) 
232–246. 
37- F.G. Cottrell, Art of separating suspended particles from gaseous bodies, U.S. Patent 895,729, 
issued Aug. 11, 1908.  
38- M. Mousavichoubeh, M. Ghadiri, M. Shariaty-Niassar, Electro-coalescence of an aqueous 
droplet at an oil–water interface, Chemical Engineering and Processing 50 (2011) 338–344. 
39- S. Mhatre, V. Vivacqua, M. Ghadiri, A.M. Abdullah, M.J. Al-Marri, A. Hassanpour, B. 
Hewakandamby, B. Azzopardi, B. Kermani, Electrostatic phase separation: A review, 
Chemical Engineering Research and Design 96 (2015) 177–195. 
40- L. Zhang, J. Chen, X. Cai, S. Huang, Y. Ji, Research on electrostatic coalescence of water-in-
crude-oil emulsions under high frequency/high voltage AC electric field based on electro-
rheological method, Colloids and Surfaces A: Physicochem. Eng. Aspects 520 (2017) 246–
256. 
41- D. Sun, X. Duan, W. Li, D. Zhou, Demulsification of water-in-oil emulsion by using porous 
glass membrane, Journal of Membrane Science 146 (1998) 65–72. 
42- Sh. Mousavi, M. Ghadiri, M. Buckley, Electro-coalescence of water drops in oils under 
pulsatile electric fields. Chemical Engineering Science 120 (2014) 130–142. 
47 
 
43- J.S. Eow, M. Ghadiri, Electrostatic enhancement of coalescence of water droplets in oil: a 
review of the technology, Chemical Engineering Journal 85 (2002) 357–368. 
44- J. Holto, G. Berg, L.E. Lundgaard, Electrocoalescence of drops in a water-in-oil emulsion, in: 
Electrical Insulation and Dielectric Phenomena, 2009. CEIDP ‘09, IEEE Conference on, 
October 18–21, 2009, Virginia Beach, VA, IEEE (2010) 196–199. 
45- J.S. Eow, M. Ghadiri, A.O. Sharif, T.J. Williams, Electrostatic enhancement of coalescence of 
water droplets in oil: a review of the current understanding, Chemical Engineering Journal 84 
(2001) 173–192. 
46- H. Aryafar, H.P. Kavehpour, Electrocoalescence, Effects of DC electric fields on coalescence 
of drops at planar interfaces, Langmuir 25 (2009) 12460–12465. 
47- Ji. Wu, T. Dabros, Process for solvent extraction of bitumen from oil sand, Energy and Fuels 
26 (2012) 1002−1008.  
48- S.M. Al-Zahrani, M.D. Putra, Used lubricating oil regeneration by various solvent extraction 
techniques, Journal of Industrial and Engineering Chemistry 19 (2013) 536–539.   
49- N.O. Elbashir, S.M. Al-Zahrani, M.I. Abdul Mutalib, A.E. Abasaeed, A method of predicting 
effective solvent extraction parameters for recycling of used lubricating oils, Chemical 
Engineering and Processing 41 (2002) 765−769. 
50- J. Hu, J. Gan, J. Li, Y. Luo, G. Wang, Li. Wu, Y. Gong, Extraction of crude oil from 
petrochemical sludge: Characterization of products using thermogravimetric analysis, Fuel 188 
(2017) 166–172. 
51- E.A.H. Zubaidy, D.M. Abouelnasr, Fuel recovery from waste oily sludge using solvent 
extraction, Process Safety and Environmental Protection 88 (2010) 318–326. 
52- A.Y. El Naggar, E.A. Saad, A.T. Kandil, H.O. Elmoher, Petroleum cuts as solvent extractor 
for oil recovery from petroleum sludge, Journal of Petroleum Technology and Alternative 
Fuels 1 (2010) 10–19. 
53- G. Hu, J. Li, G. Zeng, Recent development in the treatment of oily sludge from petroleum 
industry: A review, Journal of Hazardous Materials 261 (2013) 470–490. 
54- K. Pal, L da P.N Branco, A. Heintz, P. Choi, Q. Liu, P.R. Seidl, M.R. Gray, Performance of 
solvent mixtures for non-aqueous extraction of Alberta oil sands, Energy and Fuels 29 (2015) 
2261–2267. 
48 
 
55- H. Nikakhtari, L. Vagi, P. Choi, Q. Liu, M.R. Gray, Solvent screening for non-aqueous 
extraction of Alberta oil sands, Canadian Journal of Chemical Engineering 91 (2013) 1153–
160. 
56- E.A. Taiwo, J.A. Otolorin, Oil recovery from petroleum sludge by solvent extraction, 
Petroleum Science and Technology 27 (2009) 836–844. 
57- X. Lia, Z. Yang, H. Sui, A. Jain, L. He, A hybrid process for oil-solid separation by a novel 
multifunctional switchable solvent, Fuel 221 (2018) 303–310. 
58- P. Painter, P. Williams, E. Mannebach, Recovery of Bitumen from oil or tar sands using ionic 
liquids, Energy and Fuels 24 (2010) 1094–1098. 
59- R. Zolfaghari, A. Fakhru’l-Razi, L.C. Abdullah, S.S.E.H. Elnashaie, Al. Pendashteh, 
Demulsification techniques of water-in-oil and oil-in-water emulsions in petroleum industry, 
Separation and Purification Technology 170 (2016) 377–407. 
60- M. Liu, Ji. Chen, X. Cai, Y. Han, S. Xiong, Oil–water pre-separation with a novel axial 
hydrocyclone, Chinese Journal of Chemical Engineering 26 (2018) 60–66. 
61- L. Huang, S. Deng, J. Guan, M. Chen, W. Hua, Development of a novel high-efficiency 
dynamic hydrocyclone for oil–water separation, Chemical Engineering Research and Design 
130 (2018) 266–273. 
62- V.L. da Silva, F.C. Alves, F.P. de Franc, A review of the technological solutions for the 
treatment of oily sludges from petroleum refineries, Waste Management and Research 30 
(2012) 1016–1030. 
63- N.J. Miller, Three stage centrifuge and method for separating water and solids from petroleum 
products, CENTECH Inc, US Patent US5156751A, 1991. 
64- P. Canizares, F. Martinez, C. Jimenez, C. Saez, M. Rodrigo, Coagulation and 
electrocoagulation of oil-in-water emulsions, Journal of Hazardous Materials 151 (2008) 44–
51. 
65- A. Cambiella, J.M. Benito, C. Pazos, J. Coca, Centrifugal separation efficiency in the treatment 
of waste emulsified oils, Chemical Engineering Research and Design 84 (2006) 69–76. 
66- L. Gaston, D.N. Madge, W.L. Strand, I. Noble, W.N. Garner, M. Lam, Bituminous froth inline 
steam injection processing, Suncor Energy Inc, US Patent US7556715B2, 2004. 
49 
 
67- A. Motin, A. Benard, Design of liquid–liquid separation hydrocyclones using parabolic and 
hyperbolic swirl chambers for efficiency enhancement, Chemical Engineering Research and 
Design 122 (2017) 184–197. 
68- L. Hai-fei, X. Jing-yu, Z. Jun, S. Huan-qiang, Z. Jian, W. Ying-xiang, Oil/water separation in 
a liquid-liquid cylindrical cyclone, Journal of Hydrodynamics 24 (2012) 116–123. 
69- S. Amini, D. Mowla, M. Golkar, F. Esmaeilzadeh, Mathematical modelling of a hydrocyclone 
for the down-hole oil–water separation (DOWS), Chemical Engineering Research and Design 
90 (2012) 2186–2195. 
70- C. Gomez, J. Caldentey, S. Wang, L. Gomez, R. Mohan, O. Shoham, Oil-water separation in 
liquid-liquid hydrocyclones (llhc) –experiment and modeling, SPE Annual Technical 
Conference and Exhicition, 30 Sep. – 3 Nov. 2001, New Orleans, Louisiana. 
71- E.R. Braga, W.K. Huziwara, W.P. Martignoni, C.M. Scheid, R.A. Medronho, Improving 
hydrocyclone geometry for oil/water separation, Brazilian Journal of Petroleum and Gas 9 
(2105) 115–123. 
72- M. Thew, Hydrocyclone redesign for liquid-liquid separation, Chemical Engineer (London) 
427 (1986) 17–23. 
73- J.C. Gay, G. Triponey, C. Bezard, P. Schummer, Rotary Cyclone Will improve oily water 
treatment and reduce space requirement/weight on offshore platforms, Offshore Europe 
Society of Petroleum Engineers, Aberdeen, United Kingdom (1987). 
74- L. Ni, J. Tian, T. Song, Y. Jong, J. Zhao, Optimizing Geometric Parameters in Hydrocyclones 
for Enhanced Separations: A Review and Perspective, Separation and Purification Reviews 00: 
(2018) 1–22, DOI: 10.1080/15422119.2017.1421558 
75- P. Walstra, Principles of emulsion formation, Chemical Engineering Science 48 (1993) 333–
349. 
76- G.J. Hirasaki, C.A. Miller, O.G. Raney, M. K. Poindexter, D.T. Nguyen, J. Hera, Separation 
of Produced Emulsions from Surfactant Enhanced Oil Recovery Processes, Energy and Fuels 
25 (2011) 555–561. 
77- C.N. Mulligan, Recent advances in the environmental applications of biosurfactants, Current 
Opinion in Colloid and Interface Science 14 (2009) 372–378. 
78- Z. Hu, E. Nourafkan, H. Gao, D. Wen, Microemulsions stabilized by in-situ synthesized 
nanoparticles for enhanced oil recovery, Fuel 210 (2017) 272–281. 
50 
 
79- A.A. Olajire, Review of ASP EOR (alkaline surfactant polymer enhanced oil recovery) 
technology in the petroleum industry: Prospects and challenges, Energy 77 (2014) 963–982. 
80- A.A. Abdel-Azim, A.M. Abdul-Raheim, R.K. Kamel, M.E. Abdel-Raouf, Demulsifier systems 
applied to breakdown petroleum sludge, Journal of Petroleum Science and Engineering 78 
(2011) 364–370. 
81- L.M. Whang, P.W. Liu, C.C. Ma, S.S. Cheng, Application of biosurfactants, rhamnolipid, and 
surfactin, for enhanced biodegradation of diesel-contaminated water and soil, Journal of 
Hazardous Materials 151 (2008) 155–163. 
82- S.J. Geetha, I.M. Banat, S.J. Joshi, Biosurfactants: Production and potential applications in 
microbial enhanced oil recovery (MEOR), Biocatalysis and Agricultural Biotechnology 14 
(2018) 23–32. 
83- C.L. Chin, C.H. Yi, H.W. Yu, S.C. Jo, Biosurfactant-enhanced removal of total petroleum 
hydrocarbons from contaminated soil, Journal of Hazardous Materials 167 (2009) 609–614. 
84- T.M.S. Lima, L.C. Procopio, F.D. Brandao, B.A. Leao, M.R. Totola, A.C. Borges, Evaluation 
of bacterial surfactant toxicity towards petroleum degrading microorganisms, Bioresource 
Technology 102 (2011) 2957–2964. 
85- F.A. Bezza, E.M.N. Chirwa, Possible use of biosurfactant produced by microbial consortium 
from contaminated soil for microbially enhanced oil recovery, Chemical Engineering 
Transactions 57 (2017) 1411 – 1416. 
86- C. Lin, G. He, X. Li, L. Peng, S. Dong, S. Gu, G. Xiao, Freeze/thaw induced demulsification 
of water-in-oil emulsions with loosely packed droplets, Separation and Purification 
Technology 56 (2007) 175–183. 
87- W. Feng, Y. Yin, M. de Lourdes Mendoza, L. Wang, X. Chen, Y. Liu, L. Cai, L. Zhang, Freeze-
thaw method for oil recovery from waste cutting fluid without chemical additions, Journal of 
Cleaner Production 148 (2017) 84–89. 
88- G. Hu, J. Li, H. Hou, A combination of solvent extraction and freeze thaw for oil recovery 
from petroleum refinery wastewater treatment pond sludge, Journal of Hazardous Materials 
283 (2015) 832–840. 
89- P. Thanasukarn, R. Pongsawatmanit, D.J. McClements, Impact of fat and water crystallization 
on the stability of hydrogenated palm oil-in-water emulsions stabilized by whey protein isolate, 
Colloids and Surfaces A: Physicochem. Eng. Aspects 246 (2004) 49–59. 
51 
 
90- C. Lin, G. He, C. Dong, H. Liu, G. Xiao, Y. Liu, Effect of oil phase transition on freeze/thaw-
induced demulsiﬁcation of water-in-oil emulsions, Langmuir 24 (2008) 5291–5298. 
91- S. Ghosh, D. Rousseau, Freeze–thaw stability of water-in-oil emulsions, Journal of Colloid 
and Interface Science 339 (2009) 91–102. 
92- G. Chen, G. He, Separation of water and oil from water-in-oil emulsion by freeze/thaw method, 
Separation and Purification Technology 31 (2003) 83–89. 
93- J. Zhang, J. Li, R.W. Thring, X. Hu, X. Song, Oil recovery from refinery oily sludge via 
ultrasound and freeze/thaw, Journal of Hazardous Materials 203–204 (2012) 195–203. 
94- V. Rajakovic, D. Skala, Separation of water-in-oil emulsions by freeze/thaw method and 
microwave radiation, Separation and Purification Technology 49 (2006) 192–196.  
95- S. Ghosh, J.N. Coupland, Factors affecting the freeze–thaw stability of emulsions, Food 
Hydrocolloids 22 (2008) 105–111. 
96- K. Oh, M.D. Deo, Yield behavior of gelled waxy oil in water-in-oil emulsion at temperatures 
below ice formation, Fuel 90 (2011) 2113–2117. 
97- E.V. Lau, P.E. Poh, Recovery of High-Viscosity Crude Oil from Contaminated Oil-Wet Sand 
Using a Combined Mechanical Agitation and Freeze-Thaw Process, Journal of Environmental 
Engineering 11 (2015) 04015032 1–5.  
98- C. Lin, G. He, X. Li, H. Liu, Demulsification of liquid paraffine W/O emulsion by freezing 
and thawing. Journal of Chemical Industry and Engineering (China) 57 (2006) 824–831. 
99- Y. Hu, Y. Wang, Study on the Dewatering Process for Water Treatment Residuals: 
Applicability of Freezing-Thawing, Compression, and Electro-Osmotic Treatment, Drying 
Technology 35 (2017) 1450–1459. 
100- I.N. Evdokimov, A.P. Losev, Microwave treatment of crude oil emulsions: Effects of water 
content, Journal of Petroleum Science and Engineering 115 (2014) 24–30. 
101- E.R. Binner, J.P. Robinson, S.A. Silvester, S.W. Kingman, E.H. Lester, Investigation into 
the mechanisms by which microwave heating enhances separation of water-in-oil emulsions, 
Fuel 116 (2014) 516–521. 
102- T.V. Adulkar, V.K. Rathod, Ultrasound assisted enzymatic pre-treatment of high fat 
content dairy wastewater, Ultrasonics Sonochemistry 21 (2014) 1083–1089. 
52 
 
103- P.W. Harris, B.K. McCabe, Review of pre-treatments used in anaerobic digestion and their 
potential application in high-fat cattle slaughterhouse wastewater, Applied Energy 155 (2015) 
560–575. 
104- Y. Jin, X. Zheng, X. Chu, Y. Chi, J. Yan, K. Cen, Oil Recovery from Oil Sludge through 
Combined Ultrasound and Thermochemical Cleaning Treatment, Industrial and Engineering 
Chemistry Research 51 (2012) 9213−9217. 
105- H. Yuan, T. Lu, D. Zhao, H. Huang, K. Noriyuki, Y. Chen, Influence of temperature on 
product distribution and biochar properties by municipal sludge pyrolysis, Journal of Material 
Cycles Waste Management 15 (2013) 357–361. 
106- S. Jorfi, S. Pourfadakari, Mehdi Ahmadi, Electrokinetic treatment of high saline 
petrochemical wastewater: Evaluation and scale-up, Journal of Environmental Management 
204 (2017) 221–229. 
107- D. Huang, C. Hu, G. Zeng, M. Cheng, P. Xu, X. Gong, R. Wang, W. Xue, Combination of 
Fenton processes and biotreatment for wastewater treatment and soil remediation, Science of 
the Total Environment 574 (2017) 1599–1610. 
108- H. Sarkka, A. Bhatnagar, M. Sillanpaa, Recent developments of electro-oxidation in water 
treatment — A review, Journal of Electroanalytical Chemistry 754 (2015) 46–56. 
109- F.C. Moreira, R.A.R. Boaventura, E. Brillas, V.J.P. Vilar, Electrochemical advanced 
oxidation processes: A review on their application to synthetic and real wastewaters, Applied 
Catalysis B: Environmental 202 (2017) 217–261. 
110- A. Banerjee, A. K. Ghoshal, Bioremediation of petroleum wastewater by hyper-phenol 
tolerant Bacillus cereus: Preliminary studies with laboratory-scale batch process, 
Bioengineered 8 (2017) 446–450. 
111- B. Gargouri, F. Karray, N. Mhiri, F. Aloui, S. Sayadi, Bioremediation of petroleum 
hydrocarbons-contaminated soil by bacterial consortium isolated from an industrial wastewater 
treatment plant, Journal of Chemical Technology and Biotechnology 89 (2014) 978–987. 
112- S. Cappello, A. Volta, S. Santisi, C. Morici, G. Mancini, P. Quatrini, M. Genovese, M.M. 
Yakimov, M. Torregrossa, Oil-degrading bacteria from a membrane bioreactor (BF-MBR) 
system for treatment of saline oily waste: Isolation, identification and characterization of the 
biotechnological potential, International Biodeterioration and Biodegradation 110 (2016) 235–
244. 
53 
 
113- D.M. Brown, S. Okoro, J. van Gils, R. van Spanning, M. Bonte, T. Hutchings, O. Linden, 
U. Egbuche, K.B. Bruun, J.W.N. Smith, Comparison of landfarming amendments to improve 
bioremediation of petroleum hydrocarbons in Niger Delta soils, Science of the Total 
Environment 596–597 (2017) 284–292.  
114- C. Guarino, V. Spada, R. Sciarrillo, Assessment of three approaches of bioremediation 
(Natural Attenuation, Landfarming and Bioagumentation-Assistited Landfarming) for a 
petroleum hydrocarbons contaminated soil, Chemosphere 170 (2017) 10–16. 
115- S. Lahsaini, A. Aguelmous, L. El Fels, L. Idrissi, S. Souabi, M. Zamama, M. Hafidi, 
Assessment of Biotransformation of Sludge from Vegetable Oil Refining by 
Composting, Compost Science and Utilization 25 (2016) 130–140. 
116- V. Prakash, S. Saxena, A. Sharma, S. Singh, S. K. Singh, Treatment of Oil Sludge 
Contamination by Composting, Journal of Bioremediation & Biodegradation 6 (2015) 284–
286. 
117- S. Nasseri, R.R. Kalantary, N. Nourieh, K. Naddafi, A.H. Mahvi, N. Baradaran, Influence 
of bioaugmentation in biodegradation of PAHs-contaminated soil in bio-slurry phase reactor, 
Iranian Journal of Environmental Health Science & Engineering, 7 (2010) 199–208. 
118- P. Stasta, J. Boran, L. Bebar, P. Stehlik, J. Oral, Thermal processing of sewage sludge, 
Applied Thermal Engineering 26 (2006) 1420–1426. 
119- A. Kelessidis, A.S. Stasinakis, Comparative study of the methods used for treatment and 
final disposal of sewage sludge in European countries, Waste Management 32 (2012) 1186–
1195. 
120- M. Kacprzak, E. Neczaj, K. Fijałkowski, A. Grobelak, A. Grosser, M. Worwag, A. Rorat, 
H. Brattebo, A. Almas, B.R. Singh, Sewage sludge disposal strategies for sustainable 
development, Environmental Research 156 (2017) 39–46. 
121- S.S.A. Syed-Hassan, Y. Wang, S. Hu, S. Su, J. Xiang, Thermochemical processing of 
sewage sludge to energy and fuel: Fundamentals, challenges and considerations, Renewable 
and Sustainable Energy Reviews 80 (2017) 888–913. 
122- M.C. Porter, Handbook of Industrial Membrane Technology, United States: Noyes 
Publications 1990, ISBN-10: 0815512058. 
123- A.J. Burggraaf, Important characteristics of inorganic membranes, Membrane Science and 
Technology 4 (1996) 21 – 34, ISSN: 0927-5193. 
54 
 
124- P. Pandey, R.S. Chauhan, Membranes for gas separation, Progress in Polymer Science 26 
(2001) 853 – 893. 
125- S.S. Madaeni, E. Salehi, Adsorption of cations on nanofiltration membrane: Separation 
mechanism, isotherm confirmation and thermodynamic analysis, Chemical Engineering 
Journal 150 (2009) 114–121. 
126- S.P. Adiga, C. Jin, L.A. Curtiss, N.A. Monteiro-Riviere, R.J. Narayan, Nanoporous 
membranes for medical and biological applications, Wiley Interdisciplinary Reviews: 
Nanomedicine and Nanobiotechnology 1 (2009) 568–581. 
127- T. Matsuura, Progress in membrane science and technology for seawater desalination a 
review, Desalination 134 (2001) 47–54. 
128- A.F. Ismail, L.I.B. David, A review on the latest development of carbon membranes for 
gas separation, Journal of Membrane Science 193 (2001) 1–18. 
129- P.S. Goh, A.F. Ismail, S.M. Sanip, B.C. Ng, M. Aziz, Recent advances of inorganic fillers 
in mixed matrix membrane for gas separation, Separation and Purification Technology 81 
(2011) 243–264. 
130- Y.S. Lin, I. Kumakiri, B.N. Nair, H. Alsyouri, Microporous inorganic membranes, 
Separation and Purification Methods 31 (2002) 229–379. 
131- X. Cheng, F. Pan, M. Wang, W. Li, Yi. Song, G. Liu, H. Yang, B. Gao, H. Wu, Z. Jiang, 
Hybrid membranes for pervaporation separations, Journal of Membrane Science 541 (2017) 
329–346. 
132- J.R. Werber, C.O. Osuji, M. Elimelech, Materials for next-generation desalination and 
water purification membranes, Nature Reviews Materials 1 (2016) 1–15. 
133- T. Tsuru, Inorganic porous membranes for liquid phase separation, Separation and 
Purification Methods 30 (2001) 191–220.  
134- A. Javaid, Membranes for solubility-based gas separation applications, Chemical 
Engineering Journal 112 (2005) 219–226.  
135- G.Q. Lu, J.C. Diaz da Costa, M. Duke, S. Giessler, R. Socolow, R.H. Williams, T. Kreutz, 
Inorganic membranes for hydrogen production and purification: A critical review and 
perspective, Journal of Colloid and Interface Science 314 (2007), 589–603. 
136- H. Verweij, Inorganic membranes, Current Opinion in Chemical Engineering 1 (2012) 
156–162. 
55 
 
137- J.M. Benito, M.J. Sanchez, P. Pena, M.A. Rodriguez, Development of a new high porosity 
ceramic membrane for the treatment of bilge water, Desalination 214 (2007) 91–101. 
138- R.S. Faibis, Y. Cohen, Fouling-resistant ceramic-supported polymer membranes for 
ultraﬁltration of oil-in-water microemulsions. Journal of Membrane Science 185 (2001) 129–
143. 
139- D. Shekhawat, D.R. Luebke, H.W. Pennline, A review of carbon dioxide selective 
membranes: A topical report, United States: N. P. (2003) doi: 10.2172/819990. 
140- W.J. Koros, Y.H. Ma, T. Shimidzu, Terminology for membranes and membrane processes 
(IUPAC recommendations 1996). Pure and Applied Chemistry 68 (1996) 1479-1489.  
141- C.R. Tanardi, I.F.J. Vankelecom, A.F.M. Pinheiro, K.K.R. Tetala, A. Nijmeijer, L. 
Winnubst, Solvent permeation behavior of PDMS grafted γ-alumina membranes, Journal of 
Membrane Science 495 (2015) 216–225. 
142- T. Tsuru, T. Sudou, S.-i. Kawahara, T. Yoshioka, M. Asaeda, Permeation of liquids 
through inorganic nanofiltration membranes, Journal of Colloid and Interface Science 228 
(2000) 292–296.  
143- M. Majumder, N. Chopra, B.J. Hinds, Mass Transport through Carbon Nanotube 
Membranes in Three Different Regimes: Ionic Diffusion and Gas and Liquid Flow, ACS 
Nano 5 (2011) 3867 –3877. 
144- S. Al-Obaidani, E. Curcio, Francesca. Macedonio, G.D. Profio, H. Al-Hinai, E.nrico Drioli, 
Potential of membrane distillation in seawater desalination: Thermal efficiency, sensitivity 
study and cost estimation, Journal of Membrane Science 323 (2008) 85–98. 
145- B. Van der Bruggen, C. Vandecasteele, T. Van Gestel, W. Doyen, R. Leysen, A Review of 
pressure-driven membrane processes in wastewater treatment and drinking water production, 
Environmental Progress 22 (2003) 46–56. 
146- N. Hilal, H. Al-Zoubi, N.A. Darwish, A.W. Mohammad, M. Abu Arabi, A comprehensive 
review of nanofiltration membranes: Treatment, pretreatment, modelling, and atomic force 
microscopy, Desalination 170 (2004) 281-308. 
147- M.M. Pendergast, E.M.V. Hoek, A review of water treatment membrane nanotechnologies, 
Energy and Environmental Science 4 (2011) 1946–1971. 
148- Y. Zhu, D. Wang, L. Jiang, J. Jin, Recent progress in developing advanced membranes for 
emulsified oil/water separation, NPG Asia Materials 6 (2014) 1–11. 
56 
 
149- Y. He, Z.W. Jiang, Technology review: Treating oilfield wastewater, Filtration and 
Separation 45 (2008) 14–16. 
150- T. Bilstad, E. Espedal, Membrane separation of produced water, Water Science and 
Technology, 34 (1996) 239–246. 
151- B. Chakrabarty, A.K. Ghoshal, M.K. Purkait, Ultrafiltration of stable oil-in-water emulsion 
by polysulfone membrane, Journal of Membrane Science 325 (2008) 427–437. 
152- M. Cheryan, N. Rajagopalan, Membrane processing of oily streams. Wastewater treatment 
and waste reduction, Journal of Membrane Science 151 (1998) 13–28. 
153- M. Ebrahimi, D. Willershausen, K.S. Ashaghi, L. Engel, La. Placido, P. Mund, P. Bolduan, 
P. Czermak Investigations on the use of different ceramic membranes for efficient oil-field 
produced water treatment, Desalination 250 (2010) 991–996. 
154- A. Salahi, I. Noshadi, R. Badrnezhad, B. Kanjilal, T. Mohammadi, Nano-porous membrane 
process for oily wastewater treatment: Optimization using response surface methodology, 
Journal of Environmental Chemical Engineering 1 (2013) 218–225. 
155- M.F.A. Goosen, S.S. Sablani, H. Al‐Hinai, S. Al‐Obeidani, R. Al‐Belushi, D. Jackson, 
Fouling of Reverse Osmosis and Ultrafiltration Membranes: A Critical Review, Separation 
Science and Technology 39 (2004) 2261–2297. 
156- N.F. Razali, A.W. Mohammad, N. Hilal, Effects of polyaniline nanoparticles in 
polyethersulfone ultrafiltration membranes: Fouling behaviours by different types of foulant, 
Journal of Industrial and Engineering Chemistry 20 (2014) 3134–3140. 
157- V. Kochkodan, N. Hilal, A comprehensive review on surface modified polymer 
membranes for biofouling mitigation, Desalination 356 (2015) 187–207. 
158- P. Srijaroonrat, E. Julien, Y. Aurelle, Unstable secondary oil/water emulsion treatment 
using ultrafiltration: fouling control by backflushing, Journal of Membrane Science 159 (1999) 
11–20. 
159- A.Y. Zahrim, N. Hilal, Treatment of highly concentrated dye solution by 
coagulation/flocculation–sand filtration and nanofiltration, Water Resources and Industry 3 
(2013) 23–34. 
160- Jorgen Wagner, Membrane Filtration Handbook Practical Tips and Hints, 2nd Ed., 
Osmonics, Inc. (2001). 
57 
 
161- G. Ducom, C. Cabassud, Interests and limitations of nanofiltration for the removal of 
volatile organic compounds in drinking water production, Desalination 124 (1999) 115–123. 
162- Q. Yun-ren, Z. Hong, Z. Qi-xiu, Treatment of stable oil/water emulsion by novel felt-metal 
supported PVA composite hydrophilic membrane using cross flow ultrafiltration, Trans. 
Nonferrous Met. Soc. China 19 (2009) 773–777. 
163- S. Lee, Y. Aurelle, H. Roques, Concentration polarization, membrane fouling and cleaning 
in ultraﬁltration of soluble oil, Journal of Membrane Science 19 (1984) 23–38. 
164- M. Hlavacek, Break-up of oil-in-water emulsions induced by permeation through a 
microﬁltration membrane, Journal of Membrane Science 102 (1995) 1–7. 
165- C. Yang, G. Zhang, N. Xu, J. Shi, Preparation and application in oil-water separation of 
ZrO2/-Al2O MF membrane, Journal of Membrane Science 142 (1998) 235–243. 
166- M. Karhu, T. Kuokkanen, J. Ramo, M. Mikola, J. Tanskanen, Performance of a commercial 
industrial-scale UF-based process for treatment of oily wastewaters, Journal of Environmental 
Management 128 (2013) 413–420. 
167- Q. Chang, J. Zhou, Y. Wang, J. Liang, X. Zhang, S. Cerneaux, X. Wang, Z. Zhu, Y. Dong, 
Application of ceramic microﬁltration membrane modiﬁed by nanoTiO coating in separation 
of a stable oil-in-water emulsion, Journal of Membrane Science 456 (2014) 128–133. 
168- A. Rezvanpour, R. Roostaazad, M. Hesampour, M. Nystrӧm, C. Ghotbi, Effective factors 
in the treatment of kerosene-water emulsion by using UF membranes, Journal of Hazardous 
Materials 161 (2009) 1216–1224. 
169- B. Chakrabarty, A.K. Ghoshal, M.K. Purkait, Cross-ﬂow ultraﬁltration of stable oil-in-
water emulsion using polysulfone membranes, Chemical Engineering Journal 165 (2010) 447–
456. 
170- T. Mohammadi, M. Kazemimoghadam, M. Saadabadi, Modeling of membrane fouling and 
ﬂux decline in reverse osmosis during separation of oil in water emulsions, Desalination 157 
(2003) 369–375. 
171- R.D. Colle, C.A. Fortulan, S.R. Fontes, Manufacture of ceramic membranes for application 
in demulsiﬁcation process for cross-ﬂow microﬁltration, Desalination 245 (2009) 527–532. 
172- N.M. Kocherginsky, C.L. Tan, W.F. Lu, Demulsiﬁcation of water-in-oil emulsions via 
ﬁltration through a hydrophilic polymer membrane, Journal of Membrane Science 220 (2003) 
117–128. 
58 
 
173- M.K. Ko, J.J. Pellegrino, Determination of osmotic pressure and fouling resistance and 
their effects of performance of ultraﬁltration membranes, J. Membr. Sci. 74 (1992) 141–157. 
174- F.F. Nazzal, M.R. Wiesner, Microﬁltration of oil-in-water emulsions, Water Environment 
Research 68 (1996) 1187–1191. 
175- K. Kimura, Y. Hane, Y. Watanabe, G. Amy, N. Ohkuma, Irreversible membrane fouling 
during ultrafiltration of surface water, Water Research 38 (2004) 3431–3441. 
176- X. Shi, G. Tal, N.P. Hankins, V. Gitis, Fouling and cleaning of ultrafiltration membranes: 
A review, Journal of Water Process Engineering 1 (2014) 121–138. 
177- F.E. Ahmed, B.S. Lalia, N. Hilal, R. Hashaikeh, Underwater superoleophobic 
cellulose/electrospun PVDF–HFP membranes for efficient oil/water separation, Desalination 
344 (2014) 48–54. 
178- H. Peng, A.Y. Tremblay, Membrane regeneration and filtration modeling in treating oily 
wastewaters, Journal of Membrane Science 324 (2008) 59–66. 
179- M. Zoubeik, M. Ismail, A. Salama, A. Henni, New developments in membrane 
technologies used in thetreatment of produced water: A review, Arabian Journal for Science 
and Engineering (2207) 1 – 26. 
180- Rahimpour, S.S. Madaeni, Polyethersulfone (PES)/cellulose acetate phthalate (CAP) blend 
ultrafiltration membranes: Preparation, morphology, performance and antifouling properties, 
Journal of Membrane Science 305 (2007) 299–312.  
181- X.S. Yi, S.L. Yu, W.X. Shi, N. Sun, L.M. Jin, S. Wang, B. Zhang, C. Ma, L.P. Sun, The 
influence of important factors on ultrafiltration of oil/water emulsion using PVDF membrane 
modified by nano-sized TiO2/Al2O3, Desalination 281 (2011) 179–184. 
182- L.-F. Fang, S. Jeon, Y. Kakihana, J.-i. Kakehi, B.-K. Zhu, H. Matsuyama, S. Zhao, 
Improved antifouling properties of polyvinyl chloride blend membranes by novel phosphate 
based-zwitterionic polymer additive, Journal of Membrane Science 528 (2017) 326–335. 
183- J.S. Beril Melbiah, D. Nithya, D. Mohan, Surface modification of polyacrylonitrile 
ultrafiltration membranes using amphiphilic Pluronic F127/CaCO3 nanoparticles for oil/water 
emulsion separation, Colloids and Surfaces A: Physicochem. Eng. Aspects 516 (2017) 147–
160. 
59 
 
184- W. Chen, Y. Su, L. Zheng, L. Wang, Z. Jiang, The improved oil/water separation 
performance of cellulose acetate-graft-polyacrylonitrile membranes, Journal of Membrane 
Science 337 (2009) 98–105. 
185- W. Ma, Z. Guo, J. Zhao, Q. Yu, F. Wang, J. Han, H. Pan, J. Yao, Q. Zhang, S.K. Samal, 
S.C. De Smedt, C. Huang, Polyimide/cellulose acetate core/shell electrospun fibrous 
membranes for oil-water separation, Separation and Purification Technology 177 (2017) 71–
85. 
186- A. Mansourizadeh, A. Javadi Azad, Preparation of blend polyethersulfone/cellulose 
acetate/polyethylene glycol asymmetric membranes for oil–water separation, Journal of 
Polymer Research 21 (2014) 1–9. 
187- Y.-R. Qiu, H. Zhong, Q.-X. Zhang, Treatment of stable oil/water emulsion by novel felt-
metal supported PVA composite hydrophilic membrane using cross ﬂowultraﬁltration, 
Transactions of Nonferrous Metals Society of China 19 (2009) 773–777. 
188- M. Ulbricht, Advanced functional polymer membranes, Polymer 47 (2006) 2217–2262. 
189- B. Van der Bruggen, M. Manttari, M. Nystrom, Drawbacks of applying nanofiltration and 
how to avoid them: a review, Separation and Purification Technology 63 (2008) 251–263. 
190- D. Liu, J. Zhu, M. Qiu, C. He, Antifouling performance of poly(lysine methacrylamide)-
grafted PVDF microfiltration membrane for solute separation, Separation and Purification 
Technology 171 (2016) 1–10. 
191- G. Zhao, W.N. Chen, W. N. Design of poly(vinylidene fluoride)-g-p(hydroxyethyl 
methacrylate-co-N-isopropylacrylamide) membrane via surface modification for enhanced 
fouling resistance and release property. Applied Surface Science 398 (2017) 103–115. 
192- X. Fan, Y. Dong, Y. Su, X. Zhao, Y. Li, J. Liu, Z. Jiang, Improved performance of 
composite nanofiltration membranes by adding calcium chloride in aqueous phase during 
interfacial polymerization process, Journal of Membrane Science 452 (2014) 90–96. 
193- J. Liu, L. Yu, Y. Zhang, Fabrication and characterization of positively charged hybrid 
ultrafiltration and nanofiltration membranes via the in-situ exfoliation of Mg/Al hydrotalcite, 
Desalination 335 (2014) 78–86. 
194- P.S. Zhong, N. Widjojo, T.-S. Chung, M. Weber, C. Maletzko, Positively charged 
nanofiltration (NF) membranes via UV grafting on sulfonated polyphenylenesulfone (sPPSU) 
60 
 
for effective removal of textile dyes from wastewater, Journal of Membrane Science 417–418 
(2012) 52–60. 
195- H.-m. Xu, J.-f. Wei, X.-l. Wang, Nanofiltration hollow fiber membranes with high charge 
density prepared by simultaneous electron beam radiation-induced graft polymerization for 
removal of Cr(VI), Desalination 346 (2014) 122–130. 
196- X.-l. Wang, J.-f. Wei, Z. Dai, K.-y. Zhao, H. Zhang, Preparation and characterization of 
negatively charged hollow fiber nanofiltration membrane by plasma-induced graft 
polymerization, Desalination 286 (2012) 138–144. 
197- L.Y. Ng, A.W. Mohammad, C.Y. Ng, C.P. Leo, R. Rohani, Development of nanofiltration 
membrane with high salt selectivity and performance stability using polyelectrolyte 
multilayers, Desalination 351 (2014) 19–26. 
198- G. Mustafa, K. Wyns, P. Vandezande, A. Buekenhoudt, V. Meynen, Novel grafting method 
efficiently decreases irreversible fouling of ceramic nanofiltration membranes, Journal of 
Membrane Science 470 (2014) 369–377. 
199- E. Wittbecker, P.W. Morgan, Interfacial Polycondensation, Journal of Polymer Science 40 
(1959) 289-297. 
200- M.N. Abu Seman, N.A. Jalanni, C.K.M. Faizal, N. Hilal, Polyester thin film composite 
nanofiltration membranes prepared by interfacial polymerization technique for removal of 
humic acid. In: Pogaku R., Bono A., Chu C. (eds) Developments in Sustainable Chemical and 
Bioprocess Technology. (2013) Springer, Boston, MA. 
201- J.J. Qin, M.H. Oo, K.A. Kekre, Nanofiltration for recovering wastewater from a specific 
dyeing facility, Sep. Purif. Technol. 56 (2007) 199–203. 
202- M.N. Abu Seman, M. Khayet, N. Hilal, Nanofiltration thin-film composite polyester 
polyethersulfone-based membranes prepared by interfacial polymerization, Journal of 
Membrane Science 348 (2010) 109–116 
203- Y.C. Chiang, Y.Z. Hsub, R.C. Ruaan, C.J. Chuang, K.L. Tung, Nanofiltration membranes 
synthesized from hyperbranched polyethyleneimine, Journal of Membrane Science 326 (2009) 
19–26.  
204- V. Freger, Kinetics of film formation by interfacial polycondensation, Langmuir 21 (2005) 
1884–1894. 
61 
 
205- Y. Song, J.-B. Fan, S. Wang, Recent progress in interfacial polymerization, Materials 
Chemistry Frontiers 1 (2017) 1028-1040. 
206- Y. Li, Y. Su, Y. Dong, X. Zhao, Z. Jiang, Runnan Zhang, Jiaojiao Zhao, Separation 
performance of thin-film composite nanofiltration membrane through interfacial 
polymerization using different amine monomers, Desalination 333 (2014) 59–65. 
207- Y. Zhang, Y. Su, W. Chen, J. Peng, Y. Dong, Z. Jiang, H. Liu, Appearance of poly 
(ethylene oxide) segments in the polyamide layer for antifouling nanofiltration membranes 
Journal of Membrane Science 382 (2011) 300-307. 
208- Y. Zhang, Y. Su, J. Peng, X. Zhao, J. Liu, J. Zhao, Z. Jiang, Composite nanofiltration 
membranes prepared by interfacial polymerization with natural material tannic acid and 
trimesoyl chloride, Journal of Membrane Science 429 (2013) 235–242. 
209- Y. Mansourpanah, S.S. Madaeni, A. Rahimpour, A. Farhadian, A.H. Taheri, Formation of 
appropriate sites on nanofiltration membrane surface for binding TiO2 photo-catalyst: 
performance, characterization and fouling resistant capability, Journal of Membrane Science 
330 (2009) 297–306.  
210- H. Wu, B. Tang, P. Wu, MWNTs/polyester thin film nanocomposite membrane: an 
approach to overcome the trade-off effect between permeability and selectivity, Journal of 
Physical Chemistry C 114 (2010) 16395–16407.  
211- D. Hu, Z.-L. Xu, C. Chen, Polypiperazine-amide nanofiltration membrane containing silica 
nanoparticles prepared by interfacial polymerization, Desalination 301 (2012) 75–81. 
212- B. Tang, C. Zou, P. Wu, Study on a novel polyester composite nanofiltration membrane 
by interfacial polymerization. II. The role of lithium bromide in the performance and formation 
of composite membrane, Journal of Membrane Science 365 (2010) 276–285. 
213- A.W. Mohammad, N. Hilal, M.N. Abu Seman, A study on producing composite 
nanofiltration membranes with optimized properties, Desalination 158 (2003), 73–78. 
214- L.Y. Ng, A.W. Mohammad, C.P. Leo, N. Hilal, Polymeric membranes incorporated with 
metal/metal oxide nanoparticles: A comprehensive review, Desalination 308 (2013) 15–33. 
215- C. Liu, J. Lee, C. Small, J. Ma, M. Elimelech, Comparison of organic fouling resistance of 
thin-film composite membranes modified by hydrophilic silica nanoparticles and zwitterionic 
polymer brushes, Journal of Membrane Science 544 (2017) 135–142. 
62 
 
216- X. Yang, Y. He, G. Zeng, Y. Zhan, Y. Pan, H. Shi, Q. Chen, Novel hydrophilic PVDF 
ultrafiltration membranes based on a ZrO2–multiwalled carbon nanotube hybrid for oil/water 
separation, Journal of Materials Science 51 (2016) 8965–8976 
217- G.S. Lai, M.H.M. Yusob, W.J. Lau, R. Jamshidi Gohari, D. Emadzadeh, A.F. Ismail, P.S. 
Goh, A.M. Isloor, M. R.-D. Arzhandi, Novel mixed matrix membranes incorporated with dual-
nanofillers for enhanced oil-water separation, Separation and Purification Technology 178 
(2017) 113–121. 
218- Kr. Muthukumar, D.S. Lakshmi, M. Saxena, S.l Jaiswar, S. Natarajan, A. Mukherjee, H.C. 
Bajaj, Carbon adhered iron oxide hollow nanotube on membrane fouling, Materials Chemistry 
and Physics 211 (2018) 468–478. 
219- F. Chen, X. Shi, X. Chen, W. Chen, An iron (II) phthalocyanine/poly(vinylidene fluoride) 
composite membrane with antifouling property and catalytic self-cleaning function for high-
efficiency oil/water separation, Journal of Membrane Science 552 (2018) 295–304. 
220- C. Ao, W. Yuan, J. Zhao, X. He, X. Zhang, Q. Li, T. Xia, W. Zhang, C. Lu, 
Superhydrophilic graphene oxide@electrospun cellulose nanofiber hybrid membrane for high 
efficiency oil/water separation, Carbohydrate Polymers 175 (2017) 216–222. 
221- H. Li, W. Shi, Q. Du, R. Zhou, H. Zhang and X. Qin, Improved separation and antifouling 
properties of thin-film composite nanofiltration membrane by the incorporation of cGO, 
Applied Surface Science 407 (2017) 260–275. 
222- H. Ruan, B. Li, J. Ji, A. Sotto, B. Van der Bruggen, J. Shen, C. Gao, Preparation and 
characterization of an amphiphilic polyamide nanofiltration membrane with improved 
antifouling properties by two-step surface modification method, RSC Advances 8 (2018) 
13353–13363. 
223- P. Kaner, E. Rubakh, D.H. Kim, A. Asatekin, Zwitterion-containing polymer additives for 
fouling resistant ultrafiltration membranes, Journal of Membrane Science 533 (2017) 141–159. 
224- K. Jaskiewicz, A. Larsen, D. Schaeffel, K. Koynov, I. Lieberwirth, G. Fytas, K. Landfester, 
A. Kroeger, Incorporation of Nanoparticles into Polymersomes: Size and Concentration 
Effects, ACS Nano 6 (2012) 7254–7262. 
225- B. Khorshidi, I. Biswas, T. Ghosh, T. Thundat,M. Sadrzadeh, Robust fabrication of thin 
film polyamide-TiO2 nanocomposite membranes with enhanced thermal stability and anti-
biofouling propensity, Scientific Reports 8 (2018) 784–794. 
63 
 
226- C.R. Crick, J.C. Bear, P. Southern, I.P. Parkin, A general method for the incorporation of 
nanoparticles into superhydrophobic films by aerosol assisted chemical vapour deposition, 
Journal of Materials Chemistry A 1 (2013) 4336–4344. 
227- Z. Chen, B. Holmberg, W. Li, X. Wang, W. Deng, R.Munoz, Y. Yan, Nafion/Zeolite 
Nanocomposite Membrane by in Situ Crystallization for a Direct Methanol Fuel Cell, 
Chemistry of Materials 18 (2006)  5669–5675. 
228- V. Kochkodan, D. Johnson, N. Hilal, Polymer membranes: surface modification for 
minimizing (bio) colloidal fouling, Advances in Colloid and Interface Science 206 (2014) 114–
140. 
229- L. Shen, S. Feng, J. Li, J. Chen, F. Li, H. Lin, G. Yu, Surface modification of 
polyvinylidene fluoride (PVDF) membrane via radiation grafting: novel mechanisms 
underlying the interesting enhanced membrane performance, Scientific Reports 7 (2017) 1–
13. 
230- A.K. Fard, G. McKay, A. Buekenhoudt, H. Al Sulaiti, F. Motmans, M. Khraisheh, M. 
Atieh, Inorganic membranes: preparation and application for water treatment and desalination, 
Materials 11 (2018) 1–47. 
231- J. Deng, L. Wang, L. Liu, W. Yang, Developments and new applications of UV-induced 
surface graft polymerizations, Progress in Polymer Science 34 (2009) 156–193. 
232- H. Yamagishi, J.V. Crivello, G. Belfort, Evaluation of photochemically modified 
poly(arylsulfone) ultrafiltration membranes, Journal of Membrane Science 105 (1995) 249–
259. 
233- G. Geuskens, A. Etoc, P.D. Michele, Surface modification of polymers VII. Photochemical 
grafting of acrylamide and N-isopropylacrylamide onto polyethylene initiated by 
anthraquinone-2-sulfonate adsorbed at the surface of the polymer, European Polymer Journal 
36 (2000) 265–271. 
234- B. Pan, K. Viswanathan, C.E. Hoyle, R.B. Moore,  Photoinitiated grafting of maleic 
anhydride onto polypropylene,  Journal of Polymer Science Part A: Polymer Chemistry  42 
(2004) 1953–1962.  
235- T. Kondo, M. Koyama, H. Kubota, R. Katakai,  Characteristics of acrylic acid and N-
isopropylacrylamide binary monomers-grafted polyethylene film synthesized by 
photografting, Journal of Applied Polymer Science 67 (1998) 2057–2064.  
64 
 
236- J.-D. Cho, S.-G. Kim, J.-W. Hong, Surface modification of polypropylene sheets by UV-
radiation grafting polymerization, Journal of Applied Polymer Science 99 (2006) 1446–1461. 
237- C.K. Woo, B. Schiewe, G. Wegner, Multilayered assembly of cellulose derivatives as 
primer for surface modification by polymerization. Macromolecular Chemistry and Physics 
207 (2006) 148–159. 
238- J.P. Deng, W.T. Yang, Photo-grafting and cross-linking reaction of LDPE-VAC 
polymerization system (I). Effects of initiators, Journal of Beijing University of Chemical 
Technology 27 (2000) 16–19. 
239- M. Ulbricht, Photograft-polymer-modified microporous membranes with environment 
sensitive permeabilities, Reactive and Functional Polymers 31 (1996) 165–177. 
240- H. Yamagishi, J.V. Crivello, G. Belfort, Development of a novel photochemical technique 
for modifying poly(arylsulfone) ultrafiltration membranes, Journal of Membrane Science 105 
(1995) 237–247. 
241- J. Pieracci, D.W. Wood, J.V. Crivello, G. Belfort, UV-assisted graft polymerization of N-
vinyl-2-pyrrolidinone onto poly(ether sulfone) ultrafiltration membranes: comparison of dip 
versus immersion modification techniques, Chemistry of Materials 12 (2000) 2123–2133. 
242- A. Fridman, Plasma Chemistry, Cambridge University, New York, 2008. 
243- D.S. Wavhal, E.R. Fisher, Hydrophilic modification of polyethersulfone membranes by 
low temperature plasma-induced graft polymerization, Journal of Membrane Science 209 
(2002) 255–269. 
244- F. Vigo, M. Nicchia, G. Uliana, Poly(vinyl-chloride) ultrafiltration membranes modified 
by high-frequency discharge treatment, Journal of Membrane Science 36 (1988) 187.  
245- J. Wolff, H. Steinhauser, G. Ellinghorst, Tailoring of ultrafiltration membranes by plasma 
treatment and their application for the desalination and concentration of watersoluble organic-
substances, Journal of Membrane Science 36 (1988) 207.  
246- M.L. Steen, L. Hymas, E.D. Havey, N.E. Capps, D.G. Castner, E.R. Fisher, Low 
temperature plasma treatment of asymmetric polysulfone membranes for permanent 
hydrophilic surface modification, Journal of Membrane Science 188 (2001) 97. 
247- B.D. Tompkins, E.R. Fisher, Evaluation of polymer hydrophobic recovery behavior 
following H2O plasma processing, Journal of Applied Polymer Science 132 (2015) 41978–
41990. 
65 
 
248- R. Reis, L.F. Dumee, A. Merenda, J.D. Orbell, J.A. Schutz, M.C. Duke, Plasma-induced 
physicochemical effects on a poly(amide) thin-film composite membrane, Desalination 403 
(2017) 3–11. 
249- S. Laohaprapanon, A.D. Vanderlipe, B.T. Doma Jr, S.-J. You, Self-cleaning and 
antifouling properties of plasma-grafted poly(vinylidene fluoride) membrane coated with ZnO 
for water treatment, Journal of the Taiwan Institute of Chemical Engineers 70 (2017) 15–22. 
250- N. Saxena, C. Prabhavathy, S. De, S. DasGupta, Flux enhancement by argon–oxygen 
plasma treatment of polyethersulfone membranes, Separation and Purification Technology 70 
(2) (2009) 160–165. 
251- I. Gancarz, G. Pozniak, M. Bryjak, A. Frankiewicz, Modification of polysulfone 
membranes. 2. Plasma grafting and plasma polymerization of acrylic acid, Acta Polymerica 50 
(1999) 317–326. 
252- L. Zou, I. Vidalis, D. Steele, A. Michelmore, S.P. Low, J.Q.J.C. Verberk, Surface 
hydrophilic modification of RO membranes by plasma polymerization for low organic fouling, 
Journal of Membrane Science 369 (2011) 420–428. 
253- F. Liu, C.-H. Du, B.-K. Zhu, Y.-Y. Xu, Surface immobilization of polymer brushes onto 
porous poly(vinylidene fluoride) membrane by electron beam to improve the hydrophilicity 
and fouling resistance, Polymer 48 (2007) 2910–2918. 
254- A. Le Moel, J.P. Duraud, E. Balanzat, Modifications of polyvinylidene fluoride (PVDF) 
under high energy heavy ion, X-ray and electron irradiation studied by X-ray photoelectron 
spectroscopy, Nuclear Instruments and Methods in Physics Research Section B: Beam 
Interactions with Materials and Atoms 18 (1986) 59–63. 
255- M.M. Nasef, N.A.  Zubir, A.F.  Ismail, M. Khayet, K.Z.M. Dahlan, H. Saidi, N.A. 
Sulaiman, PSSA pore-filled PVDF membranes by simultaneous electron beam irradiation: 
Preparation and transport characteristics of protons and methanol, Journal of Membrane 
Science 268 (2006), 96–108. 
256- M.N. Nguyen, N.K.V. Leitner, B. Teychene, Modification of Hollow Fibre Membranes 
through Electron Beam Irradiation, Chemical Engineering Transactions 60 (2017) 1–6. 
257- A.V.R. Reddy, D.J. Mohan, A. Bhattacharya, V.J. Shah, P.K. Ghosh, Surface modification 
of ultrafiltration membranes by preadsorption of a negatively charged polymer I. Permeation 
66 
 
of water soluble polymers and inorganic salt solutions and fouling resistance properties, 
Journal of Membrane Science 214 (2003) 211–221. 
258- W.J. Cloete, B. Klumperman, T.E. Cloete, Increased Functionality Through Surface 
Grafting: Polymeric Surfaces, Current Organic Chemistry 21 (2017) 2455-2465. 
259- G. Zhao, W.-N. Chen, Enhanced PVDF membrane performance via surface modification 
by functional polymer poly(N-isopropylacrylamide) to control protein adsorption and bacterial 
adhesion, Reactive and Functional Polymers 97 (2015) 19–29. 
260- Y.-F. Zhao, L.-P. Zhu, Z. Yi, B.-K. Zhu, Y.-Y. Xu, Improving the hydrophilicity and 
foulingresistance of polysulfone ultrafiltration membranes via surface zwitterionicalization 
mediated by polysulfonebased triblock copolymer additive, Journal of Membrane Science 440 
(2013) 440 40–47. 
261- P. Lin, L. Ding, C.-W. Lin, F. Gu, Nonfouling Property of Zwitterionic Cysteine Surface, 
Langmuir 30 (2014) 6497–6507. 
262- P.S Goh, T. Matsuura, A.F Ismail, N. Hilal, Recent trends in membranes and 
membrane processes for desalination, Desalination 391 (2016) 43–60. 
263- Y. Zeng, Y.S. Lin, S.L. Swartz, Perovskite-type ceramic membrane: synthesis, oxygen 
permeation and membrane reactor performance for oxidative coupling of methane, Journal of 
Membrane Science 150 (1998) 87–98. 
264- H. Yang, D.K. Wang, J. Motuzas, J.C.D. da Costa, Hybrid vinyl silane and P123 template 
sol−gel derived carbon silica membrane for desalination, Journal of Sol-Gel Science and 
Technology 85 (2018) 280–289. 
265- S. Yu, R. Tu, T. Goto, Preparation of SiOC nanocomposite films by laser chemical vapor 
deposition, Journal of the European Ceramic Society 36 (2016) 403–409. 
266- F. Bouzerara, S. Boulanacer, A. Harabi, Shaping of microfiltration (MF) ZrO2 membranes 
using a centrifugal casting method, Ceramics International, 41 (2015) 5159–5163. 
267- J.A. Queiroga, E.H.M. Nunes, D.F. Souza, D.C.L. Vasconcelos, V.S.T. Ciminelli, W.L. 
Vasconcelos Microstructural investigation and performance evaluation of slip-cast alumina 
supports, Ceramics International 43 (2017) 3824–3830. 
268- Y. Liu, W. Zhu, K. Guan, C. Peng, J. Wu, Freeze-casting of alumina ultra-filtration 
membranes with good performance for anionic dye separation, Ceramics International 44 
(2018) 11901–11904. 
67 
 
269- R.K. Nishihora, P.L. Rachadel, M.G.N. Quadri, D. Hotza, Manufacturing porous ceramic 
materials by tape casting-A review, Journal of the European Ceramic Society 38 (2018) 988–
1001. 
270- Q. Zhang, H. Wang, X. Fan, F. Lv, S. Chen, X. Quan, Fabrication of TiO2 nanofiber 
membranes by a simple dip-coating technique for water treatment, Surface and Coatings 
Technology 298 (2016) 45–52. 
271- M.-M. Lorente-Ayza, S. Mestre, M. Menendez, E. Sanchez, Comparison of extruded and 
pressed low cost ceramic supports for microfiltration membranes, Journal of the European 
Ceramic Society 35 (2015) 3681–3691. 
272- R.V. Kumar, A.K. Ghoshal, G. Pugazhenthi, Elaboration of novel tubular ceramic 
membrane from inexpensive raw materials by extrusion method and its performance in 
microfiltration of synthetic oily wastewater treatment, Journal of Membrane Science 490 
(2015) 92–102. 
273- R. Zazpe, M. Knaut, H. Sopha, L. Hromadko, M. Albert, J. Prikryl, V. Gartnerova, J.W. 
Bartha, J.M. Macak, Atomic Layer Deposition for Coating of High Aspect Ratio TiO2 
Nanotube Layers, Langmuir 2016, 32, 10551−10558. 
274- S. Chowdhury, R. Schmuhl, K. Keizer, J. Ten Elshof, D. Blank, Pore size and surface 
chemistry effects on the transport of hydrophobic and hydrophilic solvents through 
mesoporous -alumina and silica MCM-48, Journal of Membrane Science 225 (2003) 177–
186. 
275- A. Oun, N. Tahri, S. Mahouche-Chergui, B. Carbonnier, S. Majumdar, S. Sarkar, G.C. 
Sahoo, R.B. Amar, Tubular ultrafiltration ceramic membrane based on titania nanoparticles 
immobilized on macroporous clay-alumina support: Elaboration, characterization and 
application to dye removal, Separation and Purification Technology 188 (2017) 126–133 
276- R.F.S. Lenza, W.L. Vasconcelos, Synthesis and properties of microporous sol–gel silica 
membranes, Journal of Non-Crystalline Solids 273 (2000) 164–169.  
277- T.V. Gestel, H. Kruidhof, D.H.A. Blank, H.J.M. Bouwmeester, ZrO2 and TiO2 membranes 
for nanofiltration and per vaporation Part1. Preparation and characterization of a corrosion-
resistant ZrO2 nanofiltration membrane with a MWCO < 300, Journal of Membrane Science 
284 (2006) 128–136. 
68 
 
278- M. Kazemimoghadam, T. Mohammadi, Synthesis of MFI zeolite membranes for water 
desalination, Desalination 206 (2007) 547–553. 
279- S.K. Amin, H.A.M. Abdallah, M.H. Roushdy, S.A. El-Sherbiny, An overview of 
production and development of ceramic membranes, International Journal of Applied 
Engineering Research 11 (2016) 7708–7721.  
280- N. Saffaj, M. Persin, S.A. Younssi, A. Albizane, M. Bouhria, H. Loukili, H. Dach, A. 
Larbot, Removal of salts and dyes by low ZnAl2O4–TiO2 ultrafiltration membrane deposited 
on support made from raw clay, Separation and Purification Technology 47 (2005) 36–42. 
281- L. Foughali, S. Barama, A. Harabi, F. Bouzerara, A. Guechi, B. Boudaira, Effect of sodium 
phosphate addition on mechanical properties of porous Sigue quartz sand, 
Desalination and Water Treatment 57 (2016) 5286–5291.  
282- J. Fang, G. Qin, W. Wei, X. Zhao, Preparation and characterization of tubular supported 
ceramic microfiltration membranes from fly ash, Separation and Purification Technology 80 
(2011) 585–591. 
283- A. Harabi, F. Zenikheri, B. Boudaira, F. Bouzerara, A. Guechi, L. Foughali, A new and 
economic approach to fabricate resistant porous membrane supports using kaolin and CaCO3, 
Journal of the European Ceramic Society 34 (2014) 1329–1340. 
284- N.F. Ishak, N.A. Hashim, M.H.D. Othman, P. Monash, F.M. Zuki, Recent progress in the 
hydrophilic modification of alumina membranes for protein separation and purification, 
Ceramics International 43 (2017) 915–925. 
285- J.A. Queiroga, D.F. Souza, E.H.M. Nunes, A.F.R. Silva, M.C.S. Amaral, V.S.T. Ciminelli, 
W.L. Vasconcelos, Preparation of alumina tubular membranes for treating sugarcane vinasse 
obtained in ethanol production, Separation and Purification Technology 190 (2018) 195–201. 
286- M. Kanezashi, R. Matsugasako, H. Tawarayama, H. Nagasawa, T. Tsuru, Pore size tuning 
of sol-gel-derived triethoxysilane (TRIES) membranes for gas separation, Journal of 
Membrane Science 524 (2017) 64–72. 
287- S. Baumann, W.A. Meulenberg, H.P. Buchkremer, Manufacturing strategies for 
asymmetric ceramic membranes for efficient separation of oxygen from air. Journal of the 
European Ceramic Society 33 (2013) 1251–1261. 
288- A.F. Ismail, M. Padaki, N. Hilal, T. Matsuura, W.J. Lau, Thin film composite membrane -
Recent development and future potential, Desalination 356 (2015) 140–148. 
69 
 
289- W. Li, J.Y. Walz, Porous Nanocomposites with Integrated Internal Domains: Application 
to Separation Membranes, Scientific Reports 4 (2014) 1–7. 
290- M.C. Almandoz, C.L. Pagliero, N.A. Ochoa, J. Marchese, Composite ceramic membranes 
from natural aluminosilicates for microfiltration applications, Ceramics International 41 
(2015) 5621–5633. 
291- Z. Song, M. Fathizadeh, Y. Huang, K.H. Chu, Y. Yoon, L. Wang, W.L. Xu, Mi. Yu, TiO2 
nanofiltration membranes prepared by molecular layer deposition for water purification, 
Journal of Membrane Science 510 (2016) 72–78. 
292- Cheng, N. Li, M. Zhu, L. Zhang, Y. Deng, C. Deng, Positively charged microporous 
ceramic membrane for the removal of Titan Yellow through electrostatic adsorption, Journal 
of Environmental Sciences 44 (2016) 204–212. 
293-  P. Karakilic, C. Huiskes, M.W.J. Luiten-Olieman, A. Nijmeijer, L. Winnubst, Sol-gel 
processed magnesium-doped silica membranes with improved H2/ CO2 separation, Journal of 
Membrane Science 543 (2017) 195–201. 
294- T. Tsuru, Nano/sub-nano tuning of porous ceramic membranes for molecular separation, 
Journal of Sol-Gel Science Technology 46 (2008) 349–361.  
295- B.D. Freeman, N. Carolina, Basis of permeability/selectivity tradeoff relations in 
polymeric gas separation membranes, Macromolecules 32 (1999) 375–380. 
296- P.S. Goh, A.F. Ismail, S.M. Sanip, B.C. Ng, M. Aziz, Recent advances of inorganic fillers 
in mixed matrix membrane for gas separation, Separation and Purification Technology 81 
(2011) 243–264. 
297- S. Kumar, S. Shankar, P.R. Shah, S. Kumar, A comprehensive model for catalytic 
membrane reactor, International Journal of Chemical Reactor Engineering 4 (2006), 1–29. 
298- A. Seal, D. Chattopadhyay, A. Das Sharma, A. Sen, H.S. Maiti., Influence of ambient 
temperature on the rheological properties of alumina tape casting slurry, Journal of the 
European Ceramic Society 24 (2004) 2275–2283. 
299- A.L. da Silva, A.M. Bernardin, D. Hotza, Forming of thin porcelain tiles: a comparison 
between tape casting and dry pressing, Ceramics International 40 (2014) 3761–3767. 
300- M.C. Moreira, A. M. Segadaes, Phase equilibrium relationships in the system Al2O3–TiO2–
MnO, relevant to the low-temperature sintering of alumina, Journal of the European Ceramic 
Society 16 (1996) 1089–1098. 
70 
 
301- L.A. Xue, I-W Chen, Low-temperature sintering of alumina with liquid-forming additives, 
Journal of the American Ceramic Society 74 (1991) 2011–2013. 
302- I.H. Choi, I.C. Kim, B.R.  Min, K.H.  Lee, Preparation and characterization of ultrathin 
alumina hollow ﬁber microﬁltration membrane. Desalination 193 (2006) 256–259.  
303- Y.I. Komolikov, L.A. Blaginina, Technology of ceramic micro and ultrafiltration 
membranes (Review), Refractories and Industrial Ceramics 43 (2002) 181–187. 
304- A. Majouli, S. Alami Younssi, S. Tahiri, A. Albizane, H. Loukili, M. Belhaj, 
Characterization of flat membrane support elaborated from local Moroccan Perlite, 
Desalination 277 (2011) 61–66. 
305- A. Harabi, A. Guechi, S.Condom, Production of supports and filtration membranes from 
Algerian Kaolin and Limestone, Procedia Engineering 33 (2012) 220–224. 
306- M.C. Almandoz, C.L. Pagliero, N.A. Ochoa, J. Marchese, Composite ceramic membranes 
from natural aluminosilicates for microfiltration applications, Ceramics International 41 
(2015) 5621–5633. 
307- Z. Wu, R. Faiz, T. Li, B.F.K. Kingsbury, K. Li, A controlled sintering process for more 
permeable ceramic hollow fibre membranes, Journal of Membrane Science 446 (2013) 286–
293. 
308- M. Tawalbeh, B. Kruczek, F.H. Tezel, S. Letaief, C. Detellier, Separation of CO2 and N2 
gases using a novel zeolite membrane, Separation Science and Technology 47 (2012) 1606–
1616. 
309- M. Pan, Y.S. Lin, Template-free secondary growth synthesis of MFI type zeolite 
membranes, Microporous and Mesoporous Materials 43 (2001) 319–327. 
310- L.B. Mccusker, F. Liebau, G. Engelhardt, International union of pure and applied chemistry 
nomenclature of structural and compositional characteristics of ordered microporous and 
mesoporous materials with inorganic hosts q (IUPAC recommendations 2001 ) Physical 
Chemistry Division 58 (2003) 3–13. 
311- J. Dong, Y.S. Lin, M.Z.-C. Hu, R.A. Peascoe, E.A. Payzant, Template-removal-associated 
microstructural development of porous-ceramic-supported MFI zeolite membranes, 
Microporous Mesoporous Materials 34 (2000) 241–253. 
312- K. Li, Preparation of Ceramic Membranes. In Ceramic Membranes for Separation and 
Reaction; John Wiley & Sons, Ltd.: Hoboken, NJ, USA (2007) 21–57. 
71 
 
313- A. Julbe, D. Farrusseng, C. Guizard, Porous ceramic membranes for catalytic reactors - 
overview and new ideas, Journal of Membrane Science 181 (2001) 3–20. 
314- A. Julbe, C. Guizard, A. Larbot, L. Cot, A. Giroir-Fendler, The sol–gel approach to prepare 
candidate microporous inorganic membranes for membrane reactors, Journal of Membrane 
Science 77 (1993) 137–153. 
315- X. Chen, Y. Lin, Y. Lu, M. Qiu, W. Jing, Y. Fan, A facile nanoparticle doping sol–gel 
method for the fabrication of defect-free nanoporous ceramic membranes, Colloids and 
Interface Science Communications 5 (2015) 12–15. 
316- W. Puthai, M. Kanezashi, H. Nagasawa, T. Tsuru, Development and permeation properties 
of SiO2-ZrO2 nanofiltration membranes with a MWCO of < 200, Journal of Membrane Science 
535 (2017) 331–341. 
317- C.H. Cho, K.Y Oh, J.G. Yeo, S.K. Kim, Y.M. Lee, Synthesis, ethanol dehydration and 
thermal stability of NaA zeolite/alumina composite membranes with narrow non-zeolitic pores 
and thin intermediate layer, Journal of Membrane Science 364 (2010) 138–148. 
318- G. Garnweitner, M. Niederberger, Non aqueous and Surfactant-Free Synthesis Routes to 
Metal Oxide Nanoparticles, Journal of the American Ceramic Society 89 (2006) 1801–1808.  
319- R. Soria, Overview on industrial membranes, Catalysis Today 25 (1995) 285-290. 
320- A. Leenaars, K. Keizer, A. Burggraaf, The preparation and characterization of alumina 
membranes with ultra-ﬁne pores, Journal of Membrane Science 19 (1984) 1077–1088. 
321- A. Larbot, A. Julbe, C. Guizard, L. Cot, Silica membranes by the sol-gel process, Journal 
of Membrane Science 44 (1989) 289–303. 
322- A. Alem, H. Sarpoolaky, M. Keshmiri, Sol–gel preparation of titania multilayer membrane 
for photocatalytic applications. Ceramics International 35 (2009) 1837–1843. 
323- N. Agoudjil, S. Kermadi, A. Larbot, Synthesis of inorganic membrane by sol–gel process. 
Desalination 223 (2008) 417–424. 
324- A.F. Ismail, K.C. Khulbe, T. Matsuura, Membrane Fabrication/Manufacturing Techniques. 
In Gas Separation Membranes. Springer, Cham (2015). 
325- N.W. Ockwig, T.M. Nenoff, Membranes for Hydrogen Separation, Chemical Reviews 107 
(2007) 4078−4110.  
326- N.E. Benes, P.M. Biesheuvel, H. Verweij, Tensile stress in a porous medium due to gas 
expansion, AICHE 45 (1999) 1322−1328. 
72 
 
327- K.L. Choy, Chemical vapour deposition of coatings, Progress in Materials Science 48 
(2003) 57–170. 
328- S.-J. Ahn, G-N. Yun, A. Takagaki, R. Kikuchi, S.T. Oyama, Synthesis and characterization 
of hydrogen selective silica membranes prepared by chemical vapor deposition of 
vinyltriethoxysilane, Journal of Membrane Science 550 (2018) 1–8. 
329- N. Kageyama, A. Takagaki, T.i Sugawara, R. Kikuchi, S.T. Oyama, Synthesis and 
characterization of a silica-alumina composite membrane and its application in a membrane 
reactor, Separation and Purification Technology 195 (2018) 437–445. 
330- A. Ito, Y. You, T. Ichikawa, K. Tsuda, T. Goto, Preparation of Al2O3–ZrO2 nanocomposite 
films by laser chemical vapour deposition, Journal of the European Ceramic Society 34 (2014) 
155–159. 
331- F. Gourbilleau, H. Maupas, R. Hillel, J.L. Chermant, Silicon carbide–titanium carbide 
nanocomposites: microstructural investigation, Materials Research Bulletin 29 (1994) 673–
680. 
332- T. Banno, S. Sano, K. Oda, Two‐Dimensional Simulation of Cake Growth in Slip Casting, 
Journal of the American Ceramic Society 81 (1998) 2933–2941. 
333- C. Falamaki, M. Beyhaghi, Slip casting process for the manufacture of tubular alumina 
microfiltration membranes, Materials Science-Poland 27 (2009) 427–441. 
334- A. Alem, H. Sarpoolaky, M. Keshmiri, Titania ultrafiltration membrane: Preparation, 
characterization and photocatalytic activity, Journal of the European Ceramic Society 29 
(2009) 629–635. 
335- J. M. F. Ferreira, Role of the Clogging Effect in the Slip Casting Process, Journal of the 
European Ceramic Society 18 (1998) 1161–1169. 
336- F.M. Tiller, C.D. Tsai, Theory of filtration of ceramics: I, slip casting, Journal of the 
American Ceramic Society 69 (1986) 882–887. 
337- V.T. Zaspalis, W.V. Praag, K. Keizer, J.R.H. Ross, A.J. Burggraaf, Synthesis and 
characterization of primary alumina, titania and binary membranes, Journal of Materials 
Science 27 (1992) 1023–1035. 
338- S.K. Hubadillah, M.H.D. Othman, T. Matsuura, A.F. Ismail, M.A. Rahman, Z. Harun, J. 
Jaafar, M. Nomura, Fabrications and applications of low cost ceramic membrane from kaolin: 
A comprehensive review, Ceramics International 44 (2018) 4538–4560. 
73 
 
339- S. Dey, P. Bhattacharya, S. Bandyopadhyay, S.N. Roy, S. Majumdar, G.C. Sahoo, Single 
step preparation of zirconia ultrafi ltration membrane over clay-alumina based multichannel 
ceramic support for wastewater treatment, Journal of Membrane Science and Research 4 
(2018) 28–33. 
340- D.D. Athayde, D.F. Souza, A.M.A. Silva, D. Vasconcelos, E.H.M. Nunes, J.C.D. da Costa, 
W.L. Vasconcelos, Review of perovskite ceramic synthesis and membrane preparation 
methods, Ceramics International 42 (2016) 6555–6571 
341- C. Gaudillere, J.M. Serra, Freeze-casting: Fabrication of highly porous and hierarchical 
ceramic supports for energy applications, Boltin De La Sociedad Espanola De Ceramica Y 
Vidro 55 (2016) 45–54.  
342- C. Peko, B. Groth, I. Nettleship, The effect of polyvinyl alcohol on the microstructure and 
permeability of freeze-cast alumina, Journal of the American Ceramic Society 93 (2010) 115–
120. 
343- W.L. Li, K. Lu, J.Y. Walz, Freeze casting of porous materials: review of critical factors in 
microstructure evolution, International Materials Reviews 57 (2012) 37-60.  
344- S.W. Sofie, F. Dogan, Freeze casting of aqueous alumina slurries with glycerol, Journal of 
the American Ceramic Society 84 (2001) 1459–1464. 
345- R. Chen, C.-A. Wang, Y. Huang, L. Ma, W. Lin, Ceramics with special porous structures 
fabricated by freeze-gel casting: using tert-butyl alcohol as a template, Journal of the American 
Ceramic Society 90 (2007) 3478–3484. 
346- S.-H. Lee, S.-H. Jun, H.-E. Kim, Y.-H. Koh, Fabrication of porous PZT–PZN piezoelectric 
ceramics with high hydrostatic figure of merits using camphene-based freeze casting, Journal 
of the American Ceramic Society 90 (2007) 2807–2813.  
347- B. Delattre, H. Bai, R.O. Ritchie, J. De Coninck, A.P. Tomsia, Unidirectional freezing of 
ceramic suspensions: in situ X-ray investigation of the effects of additives, ACS Applied 
Materials & Interfaces 6 (2014) 159–166. 
348- T. Fukasawa, M. Ando, T. Ohji, S. Kanzaki, Synthesis of porous ceramics with complex 
pore structure by freeze-dry processing, Journal of the American Ceramic Society 84 (2001) 
230–232. 
349- R. Liu, T. Xu, C. Wang, A review of fabrication strategies and applications of porous 
ceramics prepared by freeze-casting method, Ceramics International, 42 (2016) 2907–2925.  
74 
 
350- H. Schoof, A.J. Heschel, G Rau, Control of pore structure and size in freeze-dried collagen 
sponges, Journal of Biomedical Materials Research 58 (2001) 352–357. 
351- L. Qian, H. Zhang, Controlled freezing and freeze drying: a versatile route for porous and 
micro-/nano-structured materials, Journal of Chemical Technology & Biotechnology 86 
(2011) 172–184. 
352- Y. Tang, Q. Miao, S. Qiu, K. Zhao, L. Hu, Novel freeze-casting fabrication of aligned 
lamellar porous alumina with a centrosymmetric structure, Journal of the European Ceramic 
Society 34 (2014) 4077–4082. 
353- Z. Xing, W Zhou, F. Du, G. Tian, K. Pan, c. Tian, H, Fu, A floating macro/mesoporous 
crystalline anatase TiO2 ceramic with enhanced photocatalytic performance for recalcitrant 
wastewater degradation, Dalton Transactions 43 (2014) 790–798. 
354- Y. Tang, Q. Miao, S. Qiu, K. Zhao, L. Hu, Control of pore channel size during freeze 
casting of porous YSZ ceramics with unidirectionally aligned channels using different freezing 
temperatures, Journal of the European Ceramic Society 30 (2010) 3389–3396. 
355- J.-W. Moon, H.-J. Hwang, M. Awano, K. Maeda, Preparation of NiO–YSZ tubular support 
with radially aligned pore channels, Materials Letters 57 (2003) 1428–1434. 
356- Gaudillere, J. Garcia-Fayos, J.M. Serra, Enhancing oxygen permeation through hierarchically-
structured perovskite membranes elaborated by freeze-casting, Journal of Materials Chemistry A 2 
(2014) 3828–3833. 
357- P. Wei, S. Sofie, Q. Zhang, A. Petric, Metal supported solid oxide fuel cell by freeze tape 
casting, ECS Transactions 35 (2011) 379–383. 
358- D. Simwonis, H. Thulen, F.J. Dias, A. Naoumidis, D. Stover, Properties of Ni/YSZ porous 
cermets for SOFC anode substrates prepared by tape casting and coat-mix process, Journal of 
Materials Processing Technology 92–93 (1999) 107–111. 
359- 64$ J.C. Williams, Doctor-blade process, in: F.F.Y. Wang (Ed.), Ceramic Fabrication 
Processes: Treatise on Materials Science and Technology, Academic Press (1976) 173–198. 
360- G.W. Scherer, Theory of drying, Journal of the American Ceramic Society 73 (1990) 3–
14. 
361- J. Kiennemann, T. Chartier, C. Pagnoux, J.F. Baumard, M. Huger, J.M. Lamerant, Drying 
mechanisms and stress development in aqueous alumina tape casting, Journal of the European 
Ceramic Society 25 (2005) 1551–1564. 
75 
 
362- M. Jabbari, R. Bulatova, A.I.Y. Tok, C.R.H. Bahl, E. Mitsoulis, J.H. Hattel, Ceramic tape 
casting: A review of current methods and trends with emphasis on rheological behaviour and 
flow analysis, Materials Science and Engineering B 212 (2016) 39–61. 
363- P.M. Geffroy, J.M. Bassat, A. Vivet, S. Fourcade, T. Chartier, P. Del Gallo, N. Richet, 
Oxygen semi-permeation, oxygen diffusion and surface exchange coefficient of 
La(1−x)SrxFe(1−y)GayO3- perovskite membranes, Journal of Membrane Science 354 (2010) 6–
13. 
364- H. Kaur, V.K. Bulasara, R.K. Gupta, Preparation of kaolin-based low cost porous ceramic 
supports using different amounts of carbonates, Desalination and Water Treatment 57 (2015) 
1–10. 
365- B. Das, B. Chakrabarty, P. Barkakati, Preparation and characterization of novel ceramic 
membranes for micro-filtration applications, Ceramics International 42 (2016) 14326–14333. 
366- K. Lindqvist, E. Liden, Preparation of alumina membranes by tape casting and dip coating, 
Journal of the European Ceramic Society 17 (1997) 359–366. 
367- C. Ren, H. Fang, J. Gu, L. Winnubst, C. Chen, Preparation and characterization of 
hydrophobic alumina planar membranes for water desalination, Journal of the European 
Ceramic Society 35 (2015) 723–730. 
368- M. Qiu, Y. Fan, N. Xu, Preparation of supported zirconia ultrafiltration membranes with 
the aid of polymeric additives, Journal of Membrane Science 348 (2010) 252–259. 
369- S. Tao, Y.-D. Xu, J.-Q. Gu, H. Abadikhah, J.-W. Wang, X. Xu, Preparation of high-
efficiency ceramic planar membrane and its application for water desalination, Journal of 
Advanced Ceramics 7 (2018) 117–123.  
370- J.-W. Wang, L. Li, J.-Q. Gu, M.Y. Yang, X. Xu, C.-S. Chen, H.-T. Wang, S. Agathopoulos, 
Highly stable hydrophobic SiNCO nanoparticle-modified silicon nitride membrane for zero-
discharge water desalination, AIChE 63 (2017) 1272–1277.  
371- P. Mittal, S. Jana, K. Mohanty, Synthesis of low-cost hydrophilic ceramic–polymeric 
composite membrane for treatment of oily wastewater, Desalination 282 (2011) 54–62.) 
372- W. Liu, N. Canfield, Development of thin porous metal sheet as micro-filtration membrane 
and inorganic membrane support, Journal of Membrane Science 409 (2012) 113–126. 
373- L. Scriven, Physics and applications of dip coating and spin coating. In MRS Proceedings; 
Cambridge University Press: Cambridge, UK, 1988. 
76 
 
374- Y. Gu, G. Meng, A model for ceramic membrane formation by dip-coating, Journal of the 
European Ceramic Society 19 (1999) 1961–1966. 
375- B.K. Nandi, R. Uppaluri, M.K. Purkait, Effects of dip coating parameters on the 
morphology and transport properties of cellulose acetate-ceramic composite membranes, 
Journal of Membrane Science 330 (2009) 246–258. 
376- H. Kaur, V.K. Bulasara, R.K. Gupta, Influence of pH and temperature of dip-coating 
solution on the properties of cellulose acetate-ceramic composite membrane for ultrafiltration, 
Carbohydrate Polymers 195 (2018) 613–621. 
377- D. Quere, Fluid coating on a fiber, Annual Review of Fluid Mechanics 31 (1999) 347–384. 
378- I. Strawbridge, P.F. James, Thin silica films prepared by dip coating, Journal of Non-
Crystalline Solids 82 (1986) 366–372. 
379- M. Elma, C. Yacou, D.K. Wang, S. Smart, J.C.D. da Costa, J.C.D. Microporous silica 
based membranes for Desalination, Water 5 (2012) 629–649. 
380- W. Qin, K. Guan, B. Lei, Y. Liu, C. Peng, J. Wu, One-step coating and characterization of 
α-Al2O3 microfiltration membrane, Journal of Membrane Science 490 (2015) 160–168. 
381- N.C. Nwogu, E.E. Anyanwu, E. Gobina, An initial investigation of a nano-composite silica 
ceramic membrane for hydrogen gas separation and purification, International Journal of 
Hydrogen Energy 41 (2016) 8228–8235. 
382- Q. Zhang, H. Wang, X. Fan, F. Lv, S. Chen, X. Quan, Fabrication of TiO2 nanofiber 
membranes by a simple dip-coating technique for water treatment, Surface & Coatings 
Technology 298 (2016) 45–52. 
383- I. Contardi, L. Cornaglia, A.M. Tarditi, Effect of the porous stainless steel substrate shape 
on the ZrO2 deposition by vacuum assisted dip-coating, International Journal of Hydrogen 
Energy 42 (2017) 7986–7996. 
384- Y. Cao, M. Wang, Z.-l. Xu, X.-h. Ma, S.-m. Xue, A novel seeding method of interfacial 
polymerization-assisted dip coating for the preparation of zeolite NaA membranes on ceramic 
hollow fiber supports, ACS Applied Materials & Interfaces 8 (2016) 25386–25395. 
385- M. Lipinska-Chwalek, G. Pecanac, J. Malzbender, Creep behavior of membrane and 
substrate materials for oxygen separation units, Journal of the European Ceramic Society 33 
(2013) 1841–1848. 
77 
 
386- R.D. Colle, C.A. Fortulan, S.R. Fontes, Manufacture and characterization of ultra and 
microfiltration ceramic membranes by isostatic pressing, Ceramics International 37 (2011) 
1161–1168.  
387- E. Drioli, L. Giorno, Comprehensive Membrane Science and Engineering; Newnes: 
Boston, UK, 2010. 
388- I. Hedfi, N. Hamdi, M.A. Rodriguez, E. Srasra, Development of a low cost micro-porous 
ceramic membrane from kaolin and alumina, using the lignite as porogen agent, Ceramics 
International 42 (2016) 5089–5093. 
389- X. Xin, Z. Lu, Q. Zhu, X. Huang, W. Su, Fabrication of dense YSZ electrolyte membranes 
by a modified dry-pressing using nanocrystalline powders, Journal of Materials Chemistry 17 
(2007) 1627–1630. 
390- P. Hristov, A. Yoleva, S. Djambazov, I. Chukovska, D. Dimitrov, Preparation and 
characterization of porous ceramic membranes for micro-filtration from natural zeolite, Journal 
of the University of Chemical Technology and Metallurgy 47 (2012) 476-480. 
391- T. Isobe, Y. Kameshima, A. Nakajima, K. Okada, Y. Hotta, Extrusion method using nylon 
66 fibers for the preparation of porous alumina ceramics with oriented pores, Journal of the 
European Ceramic Society 26 (2006) 2213–2217.  
392- H. Takashima, K. Miyagai, T. Hashida, V.C. Li, A design approach for the mechanical 
properties of polypropylene discontinuous fiber reinforced cementitious composites by 
extrusion molding, Engineering Fracture Mechanics 70 (2003) 853–870. 
393- S.-H. Lee, K.-C. Chung, M.-C. Shin, J.-I. Dong, H.-S. Lee, K.H. Auh, Preparation of 
ceramic membrane and application to the crossflow microfiltration of soluble waste oil, 
Materials Letters 52 (2002) 266–271.  
394- Y. Dong, X. Feng, D. Dong, S. Wang, J. Yang, J. Gao, X. Liu, G. Meng, Elaboration and 
chemical corrosion resistance of tubular macro-porous cordierite ceramic membrane supports, 
Journal of Membrane Science 304 (2007) 65–75.  
395- A. Majouli, S. Tahiri, S.A. Younssi, H. Loukili, A. Albizane, Elaboration of new tubular 
ceramic membrane from local Moroccan Perlite for microfiltration process. Application to 
treatment of industrial wastewaters, Ceramics International 38 (2012) 4295–4303.  
78 
 
396- Y.B. Jiang, X. George, C. Zhu, D. Darren, J.K. David, Sub-10 nm thick microporous 
membranes made by plasma-defined atomic layer deposition of a bridged silsesquioxane 
precursor, Journal of the American Chemical Society 129 (2007) 15446–15447. 
397- F. Li, Y. Yang, Y. Fan, W. Xing, Y. Wang, Modification of ceramic membranes for pore 
structure tailoring: The atomic layer deposition route, Journal of Membrane Science 397–398 
(2012) 17–23. 
398- M. Ritala, M. Leskela, Atomic layer deposition, in Handbook of Thin Film Materials, Vol. 
1 (Ed.: H.S. Nawla), Academic Press, San Diego (2001) 103-156. 
399- K. Grigoras, V.M. Airaksinen, S. Franssila, Coating of nanoporous membranes: atomic 
layer deposition versus sputtering, Journal of Nanoscience and Nanotechnology 9 (2009) 
3763–3770. 
400- F.B. Li, L. Li, X.Z. Liao, Y. Wang, Precise pore size tuning and surface modifications of 
polymeric membranes using the atomic layer deposition technique, Journal of Membrane 
Science 385-386 (2011) 1–9. 
401- S.O. Kucheyev, J. Biener, T.F. Baumann, Y.M. Wang, Mechanisms of atomic layer 
deposition on substrates with ultrahigh aspect ratios, Langmuir 24 (2008) 943–948. 
402- M. Leskela, M. Ritala, Atomic layer deposition chemistry: recent developments and future 
challenges, Angewandte Chemie International Edition 42 (2003) 5548–5554.  
403- M.A. Cameron, I.P. Gartland, J.A. Smith, S.F. Diaz, S.M. George, Atomic Layer 
Deposition of SiO2 and TiO2 in Alumina Tubular Membranes: Pore Reduction and Effect of 
Surface Species on Gas Transport, Langmuir 2000, 16, 7435-7444. 
404- K. Kukli, M. Kemell, H. Castan, S. Duenas, H. Seemen, M. Rahn, J. Link, R. Stern, M.J. 
Heikkila, M. Ritala, M. Leskela, Atomic Layer Deposition and Performance of ZrO2-Al2O3 
Thin Films, ECS Journal of Solid State Science and Technology 7 (2018) P287-P294. 
405- S.-J. Lee, M. Dilaver, P.-K. Park, J.-H. Kim, Comparative analysis of fouling 
characteristics of ceramic and polymeric microfiltration membranes using filtration models, 
Journal of Membrane Science 432 (2013) 97–105. 
406- Y. Wei, Application of inorganic ceramic membrane in wastewater treatment: membrane 
fouling control and cleaning procedure, International Symposium on Material, Energy and 
Environment Engineering (ISM3E 2015) (2015) 289–291. 
79 
 
407- R.W. Baker, Membrane technology and applications. 2nd edition. Chichester, England, 
John Wiley and Sons, Ltd (2000). 
408- M. Zielinska, M. Galik, Use of Ceramic Membranes in a Membrane Filtration Supported 
by Coagulation for the Treatment of Dairy Wastewater, Water Air Soil Pollution 228 (2017) 
173. 
409- M. Bader, Seawater versus produced water in oil-fields water injection operations, 
Desalination 208 (2007) 159–168. 
410- J. Caro, M. Noack, P. Kolsch, R. Schafer, Zeolite membranes – state of their development 
and perspective, Microporous Mesoporous Materials, 38 (2000) 3–24. 
 
411- B. Das, B. Chakrabarty, P. Barkakati, Separation of oil from oily wastewater using low 
cost ceramic membrane, Korean Journal of Chimerical Engineering 34(2017) 2559–2569. 
412- K. Karakulski, M. Gryta, The application of ultrafiltration for treatment of ships generated 
oily wastewater, Chemical Papers 71 (2107) 1165–1173.  
413- S.J. Maguire-Boyle,  J.E. Huseman, T.J. Ainscough, D.L. OatleyRadcliffe, A.A. 
Alabdulkarem, S.F. Al-Mojil, A.R. Barron, Superhydrophilic Functionalization of 
Microfiltration Ceramic Membranes Enables Separation of Hydrocarbons from Frac and 
Produced Water, Scientific Reports 7 (2017) 1–9. 
414- A. Chen, J. Flynn, R. Cook, A. Casaday, Removal of oil grease and suspended solids from 
produced water with ceramic crossflow microfiltration, SPE Production Engineering 6 (1991) 
131–136. 
415- P.B. Belibi, M.M.G. Nguemtchouin, M. Rivallin, J.N. Nsami, J. Sieliechi, S. Cerneaux, 
M.B. Ngassoum, M. Cretin, Microfiltration ceramic membranes from local Cameroonian clay 
applicable to water treatment, Ceramics International 41 (2015) 2752–2759. 
416- M.B. Ali, N. Hamdi, M.A. Rodriguez, E. Srasra, Macroporous ceramic supports from 
natural clays. Improvement by the use of activated clays, Ceramics International 43 (2017) 
1242–1248. 
417- K. Suresh, G. Pugazhenthi, Development of ceramic membranes from low-cost clays for 
the separation of oil–water emulsion, Journal of Desalination and Water Treatment 57 (2016) 
1927–1939. 
80 
 
418- L. Liangxiong, T. Whitworth, R. Lee, Separation of inorganic solutes from oil-field 
produced water using a compacted bentonite membrane, Journal of Membrane Science 217 
(2003) 215–225. 
419- A. dos Santos Barbosa, A. dos Santos Barbosa, T.L.A. Barbosa, M.G.F. Rodrigues, 
Synthesis of zeolite membrane (NaY/alumina): Effect of precursor of ceramic support and its 
application in the process of oil–water separation, Separation and Purification Technology 200 
(2018) 141–154. 
420- R. Liu, S. Dangwal, I. Shaik, C. Aichele, S.-J. Kim, Hydrophilicity-controlled MFI-type 
zeolite-coated mesh for oil/water separation, Separation and Purification Technology 195 
(2018) 163–169. 
421- S. Jafarinejad, A Comprehensive Study on the Application of Reverse Osmosis (RO) 
Technology for the Petroleum Industry Wastewater Treatment, Journal of Water and 
Environmental Nanotechnology 2 (2017) 243–264.   
422- N. Liu, B.J. McPherson, L. Li, R.L. Lee, Factors determining the reverse-osmosis 
performance of zeolite membranes on produced-water purification, International Symposium 
on Oilfield Chemistry, Society of Petroleum Engineers, 2007. 
423- L. Li, N. Liu, B. McPherson, R. Lee, Influence of counter ions on the reverse osmosis 
through MFI zeolite membranes: implications for produced water desalination, Desalination 
228 (2008) 217–225. 
424- S.E. Weschenfelder, A.M.T. Louvisse, C.P. Borges, E. Meabe, J. Izquierdo, J.C. Campos, 
Evaluation of ceramic membranes for oilfield produced water treatment aiming reinjection in 
offshore units, Journal of Petroleum Science and Engineering 131 (2015) 51–57. 
425- A. Ullah, R.G. Holdich, M. Naeem, V.M. Starov Stability and deformation of oil droplets 
during microfiltration on a slotted pore membrane. Journal of Membrane Science 401– 402 
(2012) 118– 124. 
426- A. Ullah, V.M. Starov, M. Naeem, R.G. Holdich. Microfiltration of deforming oil droplets 
on a slotted pore membrane and sustainable flux rates. Journal of Membrane Science 382 
(2011) 271– 277. 
